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FOREWORD 


Though great advances have been made recently in steel heat treating 
practice and in the understanding of the transformations in steel, the 
process of hardening steel by quenching it in a liquid bath has been in 
use for hundreds of years. 

One of the first recorded references to the quenching of steel for 
hardening is found in Book IX of Homer’s Odyssey (written about 900 
B.C.) in his description of the blinding of Polyphemus: 


And as when armourers temper in the ford 
The keen-edged pole-axe, or the shining sword, 
The red-hot metal hisses in the lake; 
Thus in his eyeball hissed the plunging stake.* 
Another early reference was made by Pliny (23-79 A.D.): 
The finer any edge tools be, the manner is to quench them in oil 
for to harden the edge, for fear lest the water should harden them 
over much and make the edge more ready to break out into 
nicks, then to turn and bend again.” 
Though today if oil and water were compared for the same application, 
attention would probably be focused on cracking and warpage during 
quenching, Pliny’s statement does indicate a recognition of a relation- 
ship between the hardness obtained in steel and the quenching medium. 
Any modern text on steel heat treating lists many quenchants in 
addition to water and oil. Each quenchant has certain character- 
istics which make it most suitable for specific applications. As is cus- 
tomary whenever a number of materials are available to perform a 
certain function, methods have been studied and developed for the 
evalution of the quenchants. These methods, however, have not been 
entirely satisfactory, either because of cost or because of lack of faith 
in the results. For example, the authors of “An Evaluation of Quench- 
ing Oils’™ concluded from their work that the difference in the 
quenching characteristics of oils could be eliminated merely by chang- 
ing the temperatures of the oils. The discussion of the paper brought 
to light the existence of two distinct lines of thought on the subject. 
Though some discussers of the paper agreed with the authors, others 
vigorously contested the conclusion, and offered proof that oils have 
important differences that can not be leveled by a temperature change 
alone. The debate was later continued in Metal Progress* **. 
This difference of opinion can be settled only by the development of 
a test or tests that are acceptable to both parties. Such tests would be 
of great value, for large premiums are being paid currently for com- 


* Throughout this Bulletin, parenthesized superscripts refer to the correspondingly numbered 
items in the Bibliography. 
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+ FOREWORD (ConcLupeEp) 


pounded quenching oils in the belief that they are superior to straight 
mineral oils. A good test is needed also for quenchants other than oils 
—one that will make possible a comparison of various compositions 
and a measure of the effect of variations in agitation and temperature. 


The investigation reported in this bulletin evaluates the hardening 
power of the common quenching media for steel by means of a simple 
hardenability test. The interrelationship of composition, temperature, 
and agitation is shown in a manner which is relatively easy for the 
heat treater to interpret. By measuring the cooling power of the 
quenchants in terms of hardness instead of cooling rates the contro- 
versies centered around adequate responsiveness of temperature re- 
corders and the uncertainties of cooling-rate-hardness conversions are 
avoided. 

Some of the facts that are clearly revealed by the data are: 

1. The substitution of brine for water as a quenching medium does 
not necessarily produce a greater depth of hardening but does give a 
factor of safety in regard to uniform hardening. 

2. There is a limit to the hardening power of quenchants; when this 
limit is approached, changes in the quenching conditions designed to 
increase the hardening power are ineffective. 

3. The occasional occurrence of maximum hardness in a quenched 
steel part at some distance below the surface may be explained by the 
normal mechanism of cooling by aqueous media. 

4. There is a great difference between oils and aqueous quenching 
media in regard to both the type and the magnitude of their response 
to changes in their temperature and degree of agitation. Full realization 
of this difference is of great importance in the economical utilization 
of quenchants and auxiliary equipment. 

This investigation was undertaken as a part of the work of the 
Engineering Experiment Station and the Department of Mining and 
Metallurgical Engineering, University of Illinois. 

The authors wish to express their indebtedness to the following: 
Professor H. L. Walker, Head of the department named above, without 
whose interest and support the investigation could not have been made, 
and Professor W. H. Bruckner, Research Assistant Professor of 
Metallurgical Engineering, for his many helpful suggestions. 
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PART 1s 


WATER, 9 PERCENT BRINE, STRAIGHT MINERAL OIL, 
COMPOUNDED OIL, AND AIR UNDER AGITATED 
QUENCHING CONDITIONS 


I. OpsectT OF THE INVESTIGATION 


The object of the investigation was to evaluate some of the quench- 
ants commonly used in the heat treatment of steel, by means of a test 
that is a modification of the Jominy end-quench hardenability test. It 
was hoped that the test would improve the understanding of quench- 
ants as well as appraise the Jominy test for this new application. 

The Jominy test is used for measuring the hardenability (depth of 
hardening) of steel. The steel is the variable, and the quenching condi- 
tions are constant. A specimen 3 in. long and 1 in. in diameter of the 
steel to be tested is quenched with a water spray (Fig. 1). Since with 
such a quench there is a gradient in the cooling rate from one end of 
the bar to the other, hardness measurements made on flats running the 
length of the bar yield a quantitative record of hardenability. It is to 
be noted that cooling rates at equivalent distances along the bar are 
essentially equal for all hardenable steels. 

The hardness of a steel quenched to or near room temperature 
depends largely on the cooling rate in the vicinity of 1000 deg F'. 
Reasons are given in Section 2. This statement needs three qualifi- 
cations: (1) maximum hardness is a function of carbon content; 
(2) cooling rates above the minimum rate necessary to produce maxi- 
mum hardness (critical cooling rate) are not related to the hardness; 
and (3) hardness is related to the temperature and time of heating, 
factors that affect the grain size and homogeneity of the steel. 

On the assumption that heating conditions are constant and that 
critical cooling rate is not exceeded, a corollary of the hardness—cooling 
rate relationship is that with customary quenching (quenching directly 
in a medium held at temperature near room temperature) the hardness 
of the same steel is always related to the same cooling rate (at about 
1000 deg). This relationship has been verified by a number of inves- 
tigators’*); on it are based the use of the Jominy tests in guiding the 
substitution of one steel for another and also the choice of a satis- 
factory steel for a given machine part. 

If, therefore, a certain steel is chosen as a standard and if Jominy 
tests are run with varying quenching conditions, the hardness survey 
can be used to determine the cooling rate at any point on the bar 


1 Throughout the rest of this Bulletin, temperatures are given in degrees Fahrenheit except 
as otherwise specified. 
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Fic. 1. QUENCHING OF A 
JomMINy Test Bar 


Temperature -°C 


A 
Time, Seconds 


Ife 16 20 24 


Fia. 2. Center Cootina Curves or 0.96-PERCENT CARBON STEEL CYLINDERS 
QUENCHED FROM 1605 pec F into Liquips ar Various TEMPERATURES 


Coolant motion 3 ft per sec; cylinders of 2-in. diam by 2 in. long; each curve average of two 
or three tests. Source: French, The Quenching of Steels 


within 2% in. of the quenched end, and thus will offer a means of 
evaluating the quenchant used. 

If quenching conditions are established which give cooling curves 
that are unlike those obtained with the standard Jominy hardenability 
test, the cooling rate—hardness relationship obtained from the standard 
test may not apply. 
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Il. Review or Meruops ror EvALUATION OF QUENCHING MEDIA 


1. Introductory Statement 


Most work on the evaluation of quenchants has been of three kinds: 
(a) measurement of the cooling rates at various points in a piece of 
metal during quenching 1 2%; (b) measurement of the hardness of 
steel parts after quenching; and (c) measurement of warpage of steel 
caused by quenching. The first two have received by far the greatest 
attention, for results of warpage studies are hard to interpret. The 
composition of the steel and the shape of the part are so important in 
the formation of the stresses causing the warpage that the quantitative 
evaluation of quenchants alone is dubious. 


2. Evaluation of Quenchants by Measurement of Cooling Rates 


A number of investigations have been made of the cooling rates 
obtained in metal specimens quenched in various media. As the cooling 
rates in small specimens may reach values as high as 8000 deg C per 
sec at the surface of a %-in. sphere“), very sensitive recording instru- 
ments are required. These have included the string galvanometer, the 
oscillograph, and commercial high-speed recorders. The first two 
require such precise techniques and careful application that they are 
not practicable for the average laboratory. It is doubtful whether the 
third kind has adequate sensitivity at present”. 

Most of the common quenchants have been checked for cooling 
rates by one or more investigators. Figure 2 shows a typical set of 
curves. Since with any medium the cooling rate obtained changes con- 
stantly with the temperature of the specimen being quenched, it was 
necessary to choose a specific temperature or a temperature range for 
rating the quenchants. Table 1 shows ratings based on the cooling rates 
between 1328 deg and 1022 deg and at 392 deg, given relative to the 
cooling rate of 65-deg water. 

To understand why these temperatures are of great importance it 
is necessary to examine a typical isothermal transformation curve for 
steel. The latest thought regarding these curves is illustrated in Fig. 3, 
which gives the time required for austenitized steel to transform iso- 
thermally at subcritical temperatures. For maximum hardness, the steel 
should transform in the range M,—M; where martensite is produced. 
The M, and M; points indicate the temperatures at which the aus- 
tenite-to-martensite reaction starts and stops, respectively. Transfor- 
mation above this range gives softer products. At the upper part, or 
so-called nose of the curve, is found the fastest reaction rate; therefore 
it is at that temperature that the steel is most sensitive to cooling rate. 
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This is the reason for the rating based on the 13828-1022 deg range. In 
the M,.—M; range martensite forms during cooling only; no other prod- 
uct will form unless the cooling is stopped and the steel is held in the 
range for an appreciable length of time. The time may be a matter of 
minutes in the upper part of the range, and of years near the M; 
temperature. In addition, the austenite-martensite transformation re- 


TABLE 1 
Cootine Rates In VARIOUS QUENCHING MeEpIA* 
Source: ASM Metals Handbook 


Cooling Rate+ Relative to That 
Quenching Medium for Water at 65° F 


1328-1022° F At 392° F 
Aqueous solution 10% LiCl 2.07 1.04 
Aqueous solution 10% NaOH 2.06 36 
Aqueous solution 10% NaCl 1.96 0.98 
Aqueous solution 10% NazCOs 1.38 1.09 
Aqueous solution 10% HeSO« 1.22 1.49 
Water at 32° F 1.06 1.02 
Water at 65° F : 1.00 1.00 
Aqueous solution 10% HsPO4 0.99 1.07 
Mercury 0.78 0.62 
Snz0Cdzo at 356° F Onne 0.009 
Water at 77° F 0.72 AL 
Rape seed oil 0.30 0.055 
Trial oil #6 0.27 0.045 
Oil P20 0.23 0.055 
Oil 12455 0.22 0.022 
Glycerin 0.20 0.89 
Oil 20204 0.20 0.13 
Oil, Lupex light 0.18 0.20 
Water at 122° F 0.17 0.95 
Oil 25441 0.16 0.18 
Oil 14530 0.14 0.022 
Emulsion of 10% oil in water 0.11 1.33 
Copper plates 0.10 0.067 
Soap water 0.077 1.16 
Tron plates 0.061 0.011 
Carbon tetrachloride 0.055 0.34 
Hydrogen 0.050 0.011 
Water at 166° F 0.047 1.31 
Water at 212° F 0.044 0.71 
Liquid air 0.039 0.033 
Air 0.028 0.007 
Vacuum 0.011 0.004 


* Values determined by measuring the cooling rate of a 4-mm- 
diam nichrome ball over the temperature range 1328-1022 deg F 
during quenching in various media from 1580 deg F.00 


t Cooling rate for water at 65 deg F is 3260 deg F/sec over the 
range 1328-1022 deg F and 810 deg F/see at 392 deg F. 


sults in an expansion; therefore, rapid cooling through the M,—M; 
range, with the accompanying high temperature gradient, will cause 
the surface to change to martensite first and thus to upset the hot 
center. Then, when the center transforms to martensite its expansion 
is resisted by the cold, hard martensitic case. The temperature gradi- 
ents produced with various quenchants are illustrated in Fig. 4. 
Hence, rapid cooling through the M,—M,; range is detrimental — it 
is unnecessary for obtaining hardness, and it sets up stresses in steel 
at a temperature at which the steel 4s least able to reduce them by 
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yielding plastically. The reason for the rating at 392 deg is therefore 
evident. Actual application of data derived from isothermal transfor- 
mation curves have definite limitations because of mass effect. Iso- 
thermal transformation curve data are obtained with very small 
specimens which, during quenching, respond quickly throughout. With 


Per Cent of Austenite Transformed 


A=Austenite; P=FPearlite; B=Bainite 
M= Martensite or Tempered Martensite 


Termperature 


Log Time 


Fic. 3. Mopirrep S-Curve to DiacRAM THE TRANSFORMATION 
oF AUSTENITE INTO MARTENSITE 
Source: Cohen in Trans. A.S.M., 28 :563-68 


larger specimens the increase in the temperature differential between 
the outside and the center may make it necessary to have the quench- 
ant at a temperature of less than 392 deg in order to obtain the desired 
cooling rate in the center of the section. 

A study of the ratings for oil and water given in Table 1 for the 
range 1328-1022 deg may raise the question why warm water is not 
used in place of oil. With water the rating varies from 1.06 to 0.047; 
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with most oils it is about 0.15 to 0.30 — well within the water range. 
However, an examination of the ratings at 392 deg shows that the rate 
of cooling for water actually increases with an increase in its temper- 
ature, whereas the rate of cooling for oil is very low, resulting in a 
greater differential between oil and water than is present at the higher 
temperature range. Hence oil is superior to warm water. 


Quenching 
Temp. 


Inside \ : 
Outside 
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Fia. 4. Surrace AND CENTER CooLING CuRVES OF STEEL CYLINDER 
QUENCHED IN Water, O1L, Hor Sart Baru, AND AIR 
Source: Seasholtz in Metal Progress, 46:730-38 


The ratings given in Table 1 for the 1328-1022-deg range give 
the relative hardening power of the various quenching media. The 
higher the value given, the greater the depth of hardening, and the 
higher the hardness that will be obtained at a given point in a quenched 
part unless the critical cooling rate is exceeded. Of course, when the 
critical cooling rate is exceeded, no reaction takes place in the 1328— 
1022-deg range, and cooling continues down to the M, temperature at 
which the beginning of the austenite-martensite transformation is in- 
stantaneous. With further cooling more martensite is formed, until 
the reaction stops at the M; temperature. Since martensite is the hard- 
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1600 


Degrees Centigrade 


Degrees fahrenheit 


oO 2 4 Oo 8 /0 /2 /4 /6 
Tin7e, Seconds 


Fig. 5. Typrcan Cootrna Curve ror Center oF A SMALL CYLINDER 
DurRING QUENCHING IN Stitt WATER At 137 pea F 
Source: Metals Handbook, A.S.M., 1948, pp. 615-20 


est product that can be obtained, a cooling rate greater than that 
necessary for martensite formation will not give a higher hardness. 

By superimposing a cooling-rate curve on a TTT diagram (time- 
temperature-transformation diagram, or isothermal transformation 
diagram) it is possible to determine approximately whether the critical 
cooling rate will be exceeded. For accurate work, a new TTT diagram 
must be made that takes into account the differences in time, tempera- 
ture, and transformation that result from continuous cooling. Many 
investigations of isothermal transformation diagrams for the common 
steels have been conducted: work on forty-seven steels is reported in 
the Atlas of Isothermal Transformation Diagrams”, published by the 
United States Steel Corporation. Kiefer and Grange ® have formulated 
a method for deriving the diagram for continuous cooling from the iso- 
thermal diagram. This method of attack is too involved to be of much 
value in the evaluation of quenchants, because the isothermal diagram 
for any type of steel will vary with composition, grain size, and 
homogenization, and after deriving the diagram for continuous cooling 
and superimposing the cooling-rate curve for a certain point in a 
quenched specimen, the only information obtained is whether the 
critical cooling rate has been exceeded. 

Besides the ratings made for various temperatures, the cooling-rate 
method has also revealed something of the mechanism of the cooling 
of steel by a liquid quenchant. Three stages of cooling are recog- 
nized“), They are clearly depicted in Fig. 5. (Hot water has been 
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chosen to illustrate the stages because the stages are more pronounced 
than with most quenchants.) When the steel specimen is first immersed 
in the quenchant, the A stage is entered and the cooling rate is very 
slow because of the formation around the specimen of a continuous 
vapor blanket which acts as a good insulator. In the second (B) stage 
the temperature of the specimen is lower, the vapor blanket is not con- 


O// Quench 


Water Quench 


Fic. 6. SAE 3140 Sree, QuENCHED IN OL AND IN WATER 
Source: M. A. Grossmann, Principles of Heat Treatment 


tinuous, and boiling takes place, causing violent agitation and rapid 
cooling. In the third (C) stage the boiling has ceased and heat is 
dissipated, chiefly by conduction and convection, giving a low cooling 
rate. The very low cooling rate in the first stage emphasizes the im- 
portance of preventing the formation of vapor pockets. The life of the 
vapor stage is dependent on the composition of the quenchant, its 
temperature and agitation, and the shape and size of the part being 
quenched. 


~ 
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A review of the cooling rate method of evaluation reveals two 
shortcomings: (1) measuring the very high cooling rates produced in 
quenching is so difficult as to be impractical in the average laboratory, 
and (2) quantitative application of the data obtained is unduly time- 
consuming. 


08 1.0 A Sf ey VA 


Fic. 7. UNHARDENED Cores oF BARS QUENCHED IN OIL AND IN WATER 


Data same as in Fig. 6. Du is diameter of unhardened core; D is total diameter. Source: M. A, 
Grossmann, Principles of Heat Treatment 


3. Evaluation of Quenchants by Hardness Surveys 


Grossmann and Asimow'’, who have done much of the work on 
evaluation of quenchants by means of hardness surveys of quenched 
specimens, found that if one series of bars of the same steel but of 
different diameters was quenched in oil, and a like series in water, 
the ratio of the unhardened core to the total diameter in each series 
varied as a function of the severity of quench (Fig. 6). Figure 7 shows 
clearly that oil which produces a slower cooling rate gives a much 
steeper curve when the ratio of the unhardened core to the total 


22 ILLINOIS ENGINEERING EXPERIMENT STATION 


diameter is plotted against the total diameter. For this work the 
unhardened core in the quenched specimens was developed and meas- 
ured by polishing, deep etching, and examining with the unaided eye. 
A survey of the same specimens after polishing and microetching re- 
vealed that the boundary between what was called the unhardened 
core and the hardened rim (etches lighter) corresponded to a micro- 
structure made up 50 percent of martensite and 50 percent of a 
higher temperature reaction product (i.e., fine pearlite). 

Grossmann and Asimow reasoned that the contour of the curves 
shown in Fig. 7 might be used to evaluate quenching media for severity 
of quench; the steeper the curve, the lower would be the severity. 
Their series of curves to cover the complete range of possible cooling 
rates are shown in Fig. 8. To make a test, three bars of the same steel 
but of different diameters are quenched, cut in two, and surveyed for 
hardness on the transverse sections. The hardness values are plotted 
against the diameters of the bars. A line is then drawn at such a hard- 
ness level that it will touch or intersect all three hardness contour lines. 
Next, by plotting the points of intersection according to the instructions 
under the chart, the H value may be found. The H value is the relative 
severity of quench, based on still water (65 deg) taken as unity. The 
ratings for oil, water, and brine are given in Table 2. 

Grossmann and Asimow’s method has not been widely adopted. Its 
use is not easy, for four main reasons. 

(1) A supply of a good grade of steel of various diameters is re- 
quired for the test; there are needed at least three bars of different 
diameters with hardness ranges after quenching such that a common 
hardness value will appear in the three ranges (see explanation below 
the curves of Fig. 8). 

(2) If the data are to be significant to men outside the plant in 
which the test is made, a method must be found for measuring quan- 
titatively the agitation of the quenchant. 

(3) The bars must be cut so carefully that tempering does not 
occur — a difficult operation with large specimens. 


TABLE 2 
SEVERITY OF QuENcH (H-VALUE) FoR CoMMERCIAL QUENCHES”’ 
Circulation Value of H 
or 
Agitation Oil Water Brine 
None 0.25 to 0.30 0.9 to1.0 
Mild 0.30 to 0.35 L.0to D1 2 to 2.2 
Moderate 0.35 to 0.40 12.40 153 8) Peewee 
Good 0.4 to0.5 14 t0.7.\60 7 eal. oe 
Strong 0.5 to0.8 + L.6.t02002" 99.) Seas 
Violent 0:8) tot 4 5 
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(4) Because the curves (Fig. 8) used for determining the H value 
from the hardness survey have been derived by the use of fairly com- 
plicated mathematics, most users would have to employ the curves 
blindly. Though complexity of derivation does not condemn a method, 
it may impede rapid adoption. 

In short, though Grossmann and Asimow’s method measures an 
important property of quenchants, and is theoretically sound, it still 
leaves much to be desired as a practical low-cost test. 

A full review of the evaluation methods based on hardness surveys 
requires mention of a simple test that is frequently used for making 
relative checks. The test requires that some quenchant of satisfactory 
quenching power be on hand. Two pieces of the same steel are taken; 
one is quenched in the satisfactory quenchant, the other in the quench- 
ant to be evaluated. The pieces are then cut in two and checked for 
hardness. A comparison of the hardnesses gives a relative indication of 
the quenching power. The results of such tests are of value only at the 
location of the tests. They would be of general value if all conditions 
were standardized, but this has not been done. 


BUL, 389. HARDENING POWER OF QUENCHING MEDIA FOR STEEL 25 


III. Sranparp Jominy TEst 


In making a Jominy hardenability test on a steel, a specimen must 
first be machined to the dimensions given in Fig. 9. An adapter is then 
screwed into the specimen, as shown also in Fig. 9. The quenching 
temperature depends on the composition of the steel and to some 
extent on the properties desired. As the heat-treatment history of a 
specimen greatly affects its hardenability, the temperature and time 
used must parallel the heating program that is to be applied to the 
parts which are to be made from the steel. To avoid scaling, which 
would reduce the effectiveness of the water spray during quenching, it 
is also necessary to protect the steel during heating. 


Fic. 9. OprionaL STANDARD JoMINY TrEst Bar witH ADAPTER 


The specimen is quenched in a fixture similar to that shown in Fig. 
10. A water spray is delivered to the specimen through a pipe having 
a %-in. bore, so located that it is % in. from the bottom of the speci- 
men. The water pressure is usually furnished by a centrifugal pump in 
a closed circuit. The pipe delivering the water spray is equipped with 
both a quick-opening valve and a gate valve. The water spray is 
adjusted to have an unimpeded height of 2% in. above the pipe 
opening. 

In some laboratories the stream height is determined by holding a 
metal plate in a horizontal plane 2% in. above the pipe opening and 
adjusting the gate valve until the pressure is just sufficient to prevent 
any fallback of the water in the stream. Though this method gives an 
unimpeded height of somewhat more than 214 in., the test is so 
insensitive to water pressure that the effect of this small difference is 
negligible. Use of a plate makes possible much better reproducibility 
of stream height. The temperature of the water in the standard test 
is between 40 deg and 85 deg. 
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Fia. 10. QupNcHING APPARATUS FoR JomINy Test Bars 


After the stream-height adjustments have been made, the pump is 
started, the spray is turned off with the quick-opening valve, the hot 
specimen is quickly inserted in the fixture, and the quick-opening valve 
is opened. The specimen is usually left in the fixture until it can be 
handled with the bare hand— about 15 min. After quenching, the 
adapter is removed, and two flats running parallel to the length of the 
specimen, 0.015 in. deep, and 180 deg apart, are ground for hardness 
surveys. The hardness surveys are made with the Rockwell hardness 
tester, the C scale being employed. Usually the hardness is checked 
at 14,-1n. intervals for a distance of 2 in., starting at the water- 
quenched end. Both sides of the specimen are checked and averaged; 
the results are plotted as hardness versus distance from the water- 
quenched end, with hardness as the ordinate. 
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IV. PRELIMINARY INVESTIGATION OF JOMINY TEST 


4. Determination of Steel for Test Bars 


To use the Jominy method successfully for investigating the cooling 
power of quenchants, it was first necessary to find a steel that would 
give a hardness survey having a contour such that each hardness value 
might be associated with a specific cooling rate. Some steels give curves 
having horizontal sections in which the hardness is relatively insensi- 
tive to cooling rates, and a few others give wavy curves, thus making 
impossible the establishment of an accurate cooling-rate—hardness 
relationship. It was also desirable to obtain a hardness survey curve 
that would show a wide range of hardness, and a slope that would be 
quite steep throughout the range. Since it was hoped that specimens 
could be rerun to conserve machining time and steel, it seemed best 
to choose a medium carbon steel in order to minimize the danger of 
cracking during the quenching operation. 

Two steels available that appeared lkely to be suitable consisted 
of 114-in. bars of SAE 5140 and 1%-in. bars of SAE 2340 (analysis 
according to 1942 specifications). The analyses of the two steels were: 


C Mn lz ) Si Ni Cr 
SAE 5140 36 76 .015 .027 .170 ae 1.05 
SAE 2340 41 .62 O17 .02 . 204 3.44 


Samples of both steels were machined to dimensions, and standard 
Jominy hardenability tests were made. For the tests the SAE 5140 
steel was heated to 1600 deg and the SAE 2340 steel to 1450 deg. To 
protect the surface from scaling during heating, the bars were set in 
steel pots (Fig. 11) on a layer of used carburizing compound. The pots 
were put in a furnace that was operating at the quenching temperature. 
The time in the furnace was 1% hr. After quenching, hardness surveys 


Fic. 11. Por Usrep 1n PackINeG 
Jominy Test Bars FOR 
HEATING 
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were made; the results plotted are shown in Fig. 12. The survey for 
SAE 5140 steel indicated a lack of sensitivity to cooling rates at 
from 144.6 to 1% in. from the quenched end; that for SAE 2340 steel 
showed a good sensitivity over 2 in. and also a wide range of hardness. 
Therefore, the latter steel was chosen for the investigation. 


5. Determination of Heat Treatment Procedure for Test Bars 
The next problem was to find a suitable packing material so that a 
specimen might be reheated five or six times without undergoing a 
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change in the composition of the surface to a depth greater than 
0.015 in. — the amount of material removed for a hardness survey. A 
list of the trials and results is given in Table 3. The specimens used 
were discs 14 in. thick cut from the stock bars. The results listed were 
obtained by examining the microstructure of the specimens after cool- 
ing in the pots. Only the change in carbon content could be estimated; 
this was judged by comparing the percentage of ferrite at the surface 
with that in the center of the specimen. Four of the specimens tested 
are shown in Fig. 13. 


TABLE 3 


RESULTS OF PacKING-MATERIALS TESTS IN Heat TREATING 
or Jominy Test Bars 


Heat Treatment 


76 percent graphite chips 


Trial No. Packing Material oars des B Results 
z 100 percent wood charcoal 8 1450 Carburization (depth 0.015 in.). 
Illustrated in Fig. 13 
2 Layer of used carburizing com- 8 1450 Decarburization (depth 0.015 in.) 
pound in bottom of pot 
3 Graphite liner in pot 12 1450 Decarburization (depth 0.020 in.) 
Graphite chips 12 1450 Decarburization (depth 0.020 in.). 
Illustrated in Fig. 13 
5 97 percent sand, 12 1450 No gain or loss of carbon at the sur- 
3 percent wood charcoal face, but sand stuck to specimen 
6 7 percent wood charcoal, 94 1450 Decarburization (depth 0.010 in.). 
93 percent graphite chips Illustrated in Fig. 13 
‘ef 4 percent wood charcoal, 914 1450 Decarburization (depth 0.015 in.) 
96 percent graphite chips 
8 14 percent wood charcoal, 1l 1450 Decarburization (depth 0.010 in.). 
86 percent graphite chips Carbon loss less than in Trial No. 7 
9 24 percent wood charcoal, 11 1450 Negligible decarburization. Illus- 


trated in Fig. 13 


The best packing material proved to be a mixture of wood charcoal 
powder and graphite chips, containing 24 percent of the former. 

Because actual testing would involve a number of cycles of heating 
and cooling, starting at room temperature for each Jominy test, there 
was still doubt that the packing would be satisfactory if a number of 
tests were carried out on the same test bar. Therefore a disc %4 in. 
thick was treated under conditions that would reproduce as closely as 
possible the proposed testing cycles. A wire was attached to the speci- 
men, which was then packed in a charcoal-graphite mixture, heated for 
1% hr in a furnace held at 1450 deg, removed with the wire and cooled 
in air. The cycle was repeated four times. The last time, of course, the 
specimen had to be cooled in the pot to permit ferrite rejection. 
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Fic. 13. Some Resutts rrom Triats Usep Tro Frnp SurraBLe 
Packina MareriAu ror JomIny Test Bars 


Magnification 100. Etched with 2-percent nital 
A. Packed in 100-percent wood charcoal powder; heated 8 hr at 1450 deg F 
B. Packed in graphite chips; heated 12 hr at 1450 deg F 


C. Packed in wood charcoal-graphite mixture containing 7 percent (by weight) wood charcoal ; 
heated 914 hr at 1450 deg F ee 


D. Packed in wood charcoal-graphite mixture containing 24 percent (by weight) wood charcoal ; 
heated i1 hr at 1450 deg F 
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A photomicrograph of the edge of the disc specimen after the four 
cycles (Fig. 14a) shows that a great change has taken place at the 
surface, not in carbon content but in grain size. Seemingly, during the 
heating, oxygen penetrated the steel, reacted with dissolved aluminum, 
and increased the amount of Al,O; — an inhibitor to grain growth. The 
first test did not reveal this clearly, because there was only one heating 
and the grain size was established before an effective amount of Al.O; 


tee 


Fic. 14. Errect or AN ELecrropLate or Copper oN SAE Streit SuBJECTED TO 
Four 14-ur Heatincs in A FurNAcE HEtp at 1450 pec F 


The first three heatings were followed by air cooling, the last by cooling in the pot. Packing 
material was a wood charcoal-graphite mixture containing 24 percent (by weight) wood charcoal. 
Magnification 100. Etched with 2-percent nital. A. Not copper-plated. B. Cleaned and copper- 
plated before each heating. 


could form. A second heating undoubtedly would have revealed the 
presence of the increase in the inhibitor. The effectiveness of oxygen 
penetration from the atmosphere during heating has been recognized 
by a number of investigators”. 

Since the depth of grain refinement (0.020 in.) was too great to be 
tolerated, a means was sought for the elimination or reduction of the 
oxygen penetration. There were two possible methods of attack — to 
seal the surface of the steel against oxygen, and to seek an oxygen- 
free atmosphere. 
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Copper was chosen as the sealing agent. A trial was first made with 
a steel specimen that had been plated with copper by displacement. 
The specimen, packed as before in a charcoal-graphite mixture, was 
subjected to four cycles of heating, after each of which it was stripped 
of copper by immersion in concentrated nitric acid, cleaned with emery 
paper, and replated. 

Since microexamination showed some improvement it seemed worth 
while to try an electroplate, which would be much less porous. A new 
specimen was cleaned electrolytically for 5 min with a boiling alkaline 
solution. It was then plated for 10 min in a cyanide copper solution 
and for 30 min in a copper sulphate solution. To prevent oxidation 
of the copper plate, the specimen was packed in the charcoal-graphite 
mixture. Again four cycles of heating were applied to the specimen, 
and the microstructure was examined and photographed (Fig. 14b). 
The photomicrograph shows that the electroplate gave complete pro- 
tection. It was believed, then, that satisfactory maintenance of com- 
position at the surface of the specimens could be obtained by copper 
plating and packing in a charcoal-graphite mixture’. 

To determine a practical heating time for the Jominy bars, one of 
the bars was drilled to its center, and a thermocouple was inserted. 
The bar was packed as usual and placed in a furnace at 1450 deg; a 
time-temperature curve (Fig. 15) for 14% hr of heating was taken 
which indicates that the specimen was at temperature for 35 min, a 
time that was considered satisfactory. 

The formulas of the solutions used for copper plating are given in 
Table 4, and the procedure decided upon was as follows. 

To avoid an error that might result if the copper plate were left on 
the end of the Jominy bars, preventing the quenchant from coming in 
contact with the steel, all of the copper plate was ground from the end 
of the bar with No. 2 grit emery paper. This operation left the end 
unprotected from oxygen infiltration during heating; but inasmuch as 
the first hardness reading is taken 14, in. from the end, no trouble was 
expected from this source after five heatings. 

After the quenching of the Jominy bar the copper was stripped by 
immersing the bar in concentrated nitric acid for about an hour. Then 
two flats 0.015 in. deep were ground on opposite sides of the bar with 
a surface grinder. 


1 According to Welchner, Roland, and Ubben@*®) the prior treatment of a steel is important 
in obtaining specimens which will not’ show a gradual change in hardenability with repeated 
heatings. Their work indicated that the best prior treatment is normalizing. In addition, a survey 
of the microstructure of the bars of steel on hand revealed some differences in grain size, and 
so it was thought best to normalize the bars. As the bars were 114 in. in diameter, it was most 
expeditious to normalize them before machining, for “then no special care would be needed to 
protect the surface. A check after normalizing proved that the machining would completely re- 
move the decarburized metal. 
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Fic. 15. Heating Rate at Center or A Jominy Test Bar Packep witH Woop 
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TABLE 4 
ForRMULAS FOR CLEANING AND PLATING BATHS 


Electrolytic Cleaning Bath 


Na2COsz 60 g/l 
NaOH 15 g/l 
Copper Cyanide Plating Bath 
CuCN 22.5 g/l 
NasCO3z 10.0 g/l 
NaCN 30.0 g/l 
Copper Sulphate Plating Bath 
CuSO,, 5H20 200 g/l 
H2S804 50 g/l 
1. 5 min in boiling electrolytic cleaning solution, using a current of 

1 amp. 


2. Tap-water rinse, followed by a dip in dilute hydrochloric acid, and 
again rinsing in tap water. 


3. 10 min in copper cyanide solution (75 deg), using a current of 
0.05 amp. 


4. Same as 2. 


5. 30 min in copper sulphate solution (75 deg), using a current of 
0.5 amp. 


6. Tap-water rinse. 


Though it is common practice to take the hardness survey on the 
as-ground surface, a few trial tests proved that much better checks 
_ could be obtained if the surfaces were further ground with emery paper 
of No. 1 grit, No. % grit, 00, and 000, and then finished with 600 carbo- 
rundum on a wet canvas-covered wheel. Therefore this procedure was 
carried out for all specimens. 
After a hardness survey had been made, the specimen was prepared 
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for replating by holding it in a drill press by means of the adapter and 
pressing No. 2 grit paper against the bar as it revolved at high speed, 
until all the smudge produced during the acid treatment had been 
removed. 

Insofar as re-using the bars was concerned, the copper plating oper- 
ation was actually a time saver, for the copper plate prevented oxida- 
tion of the bar during quenching in the Jominy fixture and thus 
greatly facilitated cleaning the surface for another test. 
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Fie. 16. Inpextne Frxture ror Jominy Test Bars 


In making the hardness surveys, much time was saved by using the 
Jominy bar holder shown in Fig. 16. The holder was substituted for 
the anvil block of the Rockwell hardness tester. Each complete turn 
of the screw moved the Jominy bar 4¢% in. and thus eliminated the 
necessity of marking the 44 ¢-in. intervals on the bar. 

To find the magnitude of the variation in hardness that would result 
from retesting a Jominy bar, a bar was tested five times, a hardness 
survey being made on each occasion. Five heatings were made because 
the ten flats that would be ground for the hardness surveys would 
virtually cover the surface of the specimen. 
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The variations in hardness were found to be surprisingly small. 
In but a few cases did the variations reach one Re number, and usually 
they were under four-tenths of a number. 

The question as to what effect the copper plate might have on the 
cooling rate of the Jominy bar was answered by testing a bar without 
a plate. The hardness survey showed no difference that could be at- 
tributed to the plate. 

The results of the retests being satisfactory, it was next in order to 
determine what quenchants should be surveyed. It was decided that 
a good representation would be obtained by the following: water, air, 
9-percent brine, compounded high-speed quenching oil, and straight 
mineral oil. The 9-percent brine composition was chosen because 
Trembour and Scott’s work® shows this composition to be the most 
effective. 
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V. EVALUATION OF WATER 


6. Methods and Procedure 

In the evaluation of water, the variables studied were agitation and 
temperature. 

With the water pump available, the maximum height of the water 
stream that could be produced was 4 in. The lowest height of stream 
that could be used was determined by the standard distance between 
the bottom end of the Jominy bar and the water pipe outlet —% in. 
Then, with a possible range of %—4 in., the stream heights chosen for 
tests were 4, 1%, 244, and 3% in. Figure 17 shows the water um- 
brellas formed with these stream heights. 

The maximum temperature range of water in the liquid state with 
a barometric pressure of 14.7 p.s.i. abs is 32 deg to 212 deg. The 
temperatures chosen for the investigation were 32, 75, 100, 125, 150, 
175, and 212 deg. However, in carrying out the tests it was found 
difficult to reach a temperature below 34 deg or above 210 deg. The 
34-deg temperature was obtained by mixing snow with the quenching 


Fic. 17. Water UMBRELLAS Propucep By Four STREAM 
Heicuts — ¥, 1%, 2%, anp 34% In. 
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water. Moreover, surveys made with water at 75 and 125 deg were so 
nearly alike that tests at 100 deg were omitted. 

To make the tests with water at elevated temperature, it was de- 
sirable to find a means of rapidly heating the quenching water and 
keeping the temperature fairly constant. Both purposes were accom- 
plished by using an electric immersion heater. During each test the 
temperature of the quenchant was intermittently checked with a 


Fic. 18. Frxrure DesigNep ror MrasurinGc StreAM HEIGHT 
or Water Usep IN JomINy ENp-QuUENCH TEST 


mercury-glass thermometer. The agitation resulting from pumping and 
spraying the quenchant maintained a uniform temperature throughout 
the tank. To facilitate the frequent adjustments of stream height that 
were necessary, the fixture shown in Fig. 18 was constructed. An ad- 
justment was made by holding the circular dise at. the desired height 
above the spray pipe opening and then increasing the water pressure 
to a point at which a smooth umbrella spray of water was obtained. 
This method was both rapid and accurate. As a result of using it, the 
stream heights reported throughout the investigation are equivalent 
to somewhat higher free stream heights. 
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Though Hill‘? found himself unable to detect any difference in 
results as between the use of regular tap water and of distilled water, 
it was thought best to use distilled water for these tests because of the 
concentration of salts that would otherwise occur with long heating 
of the bath at high temperatures. 

To determine what the water stream heights mean in terms of rate 
of flow, the volume of water striking the specimen with each stream 
height was found by collecting the water for a given time and measur- 
ing it. The results are shown in Table 5. The calculation of the ve- 
locity of the quenchant at the surface of the specimen is discussed in 
Part II of this Bulletin. 

After the tests described above (with stream heights of % to 
3% in.) were completed and studied, it was desirable to determine the 
effect of a much greater stream height than had been used. Therefore 
the spray pipe of the quenching apparatus was connected directly to 
the tap-water pipe, so that a stream height of 5 ft was obtained. The 
water temperature was about 65 deg. The results of the tests with 
water are given in Figs. 19, 20, and 21. 


TABLE 5 
Rates or WATER FLOW PRODUCED WITH VARIOUS 
StreAM HEIGHTS BY QUENCHING APPARATUS 
UsEp ror Jominy TEstTs* 


Stream Height, Rate of Water Flow, 
in. ml/sec 
% 65 
1% 130 
2% 155 
3% 185 


* Flow was measured with a test bar in position for quenching. 


7. Discussion of Results 

The hardness surveys for the Jominy test using water at tempera- 
tures of 34, 75, 125, 150, 175, and 210 deg and with stream heights of 
¥%,, 144, 2%, and 31% in. are shown in Figs. 19 and 20. 

The surveys were plotted in two ways, one to show the effect of 
temperature variation of the quenchant with a given stream height, 
and the other to show the effect of stream height variation of quench- 
ant with a given temperature. 

As to the effect of the water temperature, there was no appreciable 
change in the hardness survey until the temperature was raised to 150 
deg. A comparison of the hardness surveys of water at 34 deg with 
those at 125 deg shows the magnitude of the change. The greatest 
difference occurs in the range of %¢@ to %¢ in. from the quenched end. 
Considering only the hardness readings at %¢ in., the hardness range 
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Rockwell C Hardrress Scale 


Z-in., [$-in., 22-i01,, & Gz-I0. 
Stream Helgtits 


4) 4 é /2 /6 20 L4 28 Ge. 
Distance trom Quenched End in Sixteenths of aro lrch 


Fic. 20. Errect or Stream Hercut on Harpness Surveys — 
Part I: Warer at 34, 75, AND 125 pea F 1n Jominy Enp-QuencH Trst 
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with water at 34 deg (Fig. 20), going from a %-in. stream height to a 
34-in. stream height, is Re 46 to Re 48.3; with water at 125 deg it 
may be represented by one value, Re 44. The maximum hardness 
obtained with water at temperatures ranging from 34 deg to 125 deg is 
about the same — Re 57. 

With water at 150 deg and a stream height of % in. the hardness 
at the 4¢-in. point is only Re 33. However, this is not the highest 
value; there is a gradual increase in hardness until the 4 ¢-in. point 
is reached, after which it falls. The seeming anomaly is due to the 
long life of the vapor blanket stage when hot water is used. When the 


3-ft Stream Height | 
Water at 65°F. 
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Fic. 21. Harpness Surveys ror Water at 65 pec F with Stream HeicutT or 
5 FT, AND AT 75 DEG F wirH STREAM HEIGHT or 2% In. 


water spray is first turned on, a vapor blanket is formed that prevents 
direct contact of the water with the specimen, and the end of the speci- 
men cools relatively slowly, though fast enough to set up a temperature 
gradient. The vapor blanket continues for some time after the aus- 
tenite at the end of the specimen has started to transform to one of 
the elevated-temperature products. When the vapor blanket is finally 
destroyed and the cooling rate is greatly increased, more austenite is 
left to transform to martensite at some distance from the quenched end 
than at the end; as a result, maximum hardness is not found at the 
first 4 ,-in. point. As might be expected from this explanation, the 
location of the maximum hardness value is shifted to a greater distance 
from the quenched end either by increasing the water temperature or 
by decreasing the steam height, because both changes would increase 
the life of the vapor blanket (Fig. 20). 


BUL. 389. HARDENING POWER OF QUENCHING MEDIA FOR STEEL 43 


The surveys also show that the maximum hardness reached is lower 
the farther it is from the quenched end. The cause is twofold: (1) with 
longer vapor blanket life, more of the austenite transforms before 
rapid cooling begins; (2) the maximum cooling rate that can be at- 
tained at any point along the bar decreases with an increase in the 
distance from the quenched end. In comparing the surveys for water 
at 34 deg and at 175 deg (Fig. 20) it is significant that the maximum 
hardness indicated by the hump for the latter is higher than that for 
a corresponding distance on a bar that is fully hardened at the end. 

With water at 150 deg and with stream heights greater than 14 in., 
the surveys indicate full hardening at the quenched end. 

Using water at 175 deg, none of the surveys shows full hardening at 
the quenched end. However, there is a general increase in hardness 
values as the stream height is increased, the maximum hardness going 
from Re 20 with a %-in. stream height to Re 53 with a 3%-in. stream 
height. 

Boiling water gives low values for all water velocities, and a change 
in velocity results in little difference. A comparison of these low values 
with those obtained in a hardness survey of a specimen cooled in still 
air shows that the quench with boiling water gives a maximum hard- 
ness that is greater by only about 3 Re numbers. 

The similarity of the curves obtained with water at low tempera- 
tures requires further discussion. As has been mentioned, virtually 
identical curves were obtained with water temperatures at 34, 75, and 
125 deg and for the four stream heights used — apparently because of 
the extremely rapid cooling rate obtained with water. Once a cooling 
rate equal to the critical cooling rate is obtained, further increases in 
heat abstraction will have no effect on the hardness; thus the constant 
hardness values at the 4,-in. points are explained. At points further 
from the quenched end and where maximum hardness is not reached 
the cooling rate depends on the existing temperature gradient and the 
conductivity of the steel. With water at low temperatures, the tempera- 
ture gradient is set up so quickly that the conductivity of the steel 
becomes the primary limiting factor, and a cooling rate is therefore 
obtained that is practically independent of variations in quenching 
conditions. 

The hardness survey for quenching with a stream height of 5 ft 
(Fig. 21) gives further proof of the insensitiveness to quenching con- 
ditions. A comparison of this survey with that given in Fig. 20b shows 
that only a slight change has resulted from increasing the stream 
height from 1% in. to 5 ft. 
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A comparison of the results obtained by means of the Jominy test 
with those reported by French (Fig. 2) for the cooling-rate method 
indicates a similar effect of the water temperature on its cooling power. 
Using a water velocity of 3 ft per sec and a specimen % by 2 in., and 
measuring the cooling rate at the center of the specimen, French found 
that there was an appreciable drop in the cooling power of water at 
60 deg C (140 deg F) and a still greater drop at 80 deg C (176 deg F). 
As mentioned above, with the Jominy test a sharp change occurred in 
the temperature range of 125 to 150 deg F with a %-in. stream height. 

It is, however, probably illogical to make quantitative comparisons 
with French’s work, because of the great difference in the test methods. 


TABLE 6 
DuRATION OF VAPOR BLANKET STAGE WITH WATER BaTuS 


Temperature of Bath, deg F 


Stream Height, 
ae 75 100 125 150 175 210 
iy (*) 4 9 20 150 600 see 
14% (*) *) a 4 60 
2% (*) (ey, Ce ii 35 315 
3% (G9 (*) Cs) (#) 26 290 sec 


* Time is less than 1 sec. 


For example, if a steel of higher hardenability had been used in the 
Jominy tests the drop in the hardness survey would probably be ex- 
pected with somewhat higher water temperatures. Nevertheless both 
methods do indicate an abrupt drop in the cooling rate for water at 
elevated temperatures. 

The duration of the vapor blanket was measured for each of the 
tests; the results are given in Table 6. The importance of this stage in 
quenching is readily apparent. From a value of less than 1 sec, with 
water at 75 deg and a stream height of % in., the vapor blanket life 
increases to 20 sec with a temperature rise to 150 deg. Increasing the 
stream height to 3% in. with water at 150 deg reduces the vapor 
blanket life to less than 1 sec. With boiling water the vapor blanket 
life is so long, 4-10 min, that the bar is. probably fully transformed 
before the vapor blanket collapses, and the hardness obtained is there- 
fore very low. 
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VI. EvaLuATION oF BRINE 


8. Methods and Procedure 


The tests on brine were all carried out on one composition — 9 per- 
cent sodium chloride. As has been mentioned above, this solution was 
chosen because Trembour and Scott’® found that it gave the most 
effective quench. 

The same stream heights and temperatures were used as for water, 
except that the 34-deg temperature was omitted. The hardness curves 
are shown in Figs. 22 and 23. 

The duration of the vapor blanket stage was measured for each 
set of quenching conditions. It is given in Table 7, along with the 
values obtained for the water baths. 

The only new difficulties were encountered in the tests at 175 deg. 
At this temperature the brine tended to climb the specimen; it was 
necessary to use a skirted specimen, the skirt being %,4 in. thick and 
%5 in. long, machined on the specimen. 


9. Discussion of Results 


The hardness surveys obtained with the various test conditions are 
shown in Figs. 22 and 23. The vapor blanket stage times are given 
in Table 7. 

A study of the data obtained with brine alone reveals that it is 
affected by agitation and temperature in the same general manner that 
was characteristic of the water evaluation. 

The results with brine are discussed in detail in the next chapter, 
in which a comparison is made with the results obtained with water. 


TABLE 7 


DuRATION OF VAPOR BLANKET STAGE WITH WATER 
AND 9-PERCENT BRINE BaTHS 


Temperature of Bath, deg F 


Stream Height, 
Ee 75 100 125 150 175 210 
4% Water (* 4 9 20 150 600 sec 
Brine (¢S) C5) G3) 1 24 510 
1% Water (®) (*) &) 4 60 375 
Brine () @) (*) (*) 10 280 
2% Water (63) (*) (5) 1 35 315 
Brine (*) (Ga) (*) (*) 5 240 
3% Water (*) ) (*) (%) 26 290 
Brine @) @) @) (*) cS 210 sec 


* Time is less than 1 sec. 
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VII. ComMPaARISON OF QUENCHING CHARACTERISTICS 
oF WATER AND BRINE 


The great difference between water and brine is clearly revealed by 
both the vapor blanket duration times given in Table 7 and the hard- 
ness curves in Figs. 24-26. Curves are shown only for stream heights 
of % in. and 2% in. and for temperatures of 75, 150, and 210 deg. 
These figures also show curves for oil, which is discussed on page 52. 

The vapor blanket duration times as well as observation of the 
tests indicate that, in comparison with water, brine has the ability to 
wet steel when the steel is at a higher temperature. For both quenching 
media, at 75 deg, the life of the vapor blanket is too short to be of 
much consequence in quenching. However, as the temperature of the 
quenchants is raised, both the vapor blanket duration times as well as 
the difference between the two quenchants becomes appreciable. The 
difference is particularly noticeable at 175 deg, at which the life of the 
vapor blanket with a 4%-in. stream height is 26 sec for water and 4 sec 
for brine. With a 2%-in. stream height, times of 150 and 24 sec re- 
spectively are obtained. When the quenchants are at 210 deg (Fig. 26) 
there again is little difference, and the vapor blanket stages are of 
extremely long duration. 

A study of the hardness curves shows little difference between brine 
and water at 75 deg (Fig. 24) with either a %-in. or a 24%-in. stream 
height. Nor is there a difference with a temperature of 150 deg and a 
stream height of 2% in. (Fig. 25b). However, when the stream height 
is dropped to % in. (Fig. 25a), the water gives a much lower hardness 
near the quenched end. With a further temperature rise to 210 deg 
(Fig. 26) there again is little difference between the quenchants. 

It appears logical to conclude that the essential difference between 
water and brine lies in the ability of brine to wet steel at a higher 
temperature and thus to reduce the first, or vapor blanket, stage. When 
the life of the vapor blanket stage is very short the depths of hardening 
obtained with water and brine are the same. 

There can, then, be no assurance that substituting brine for water 
will always give a higher hardness or a greater depth of hardness. But 
brine does give a larger safety factor, because it may be used over a 
wider range of temperature and agitation without suffering a loss in 
cooling power. 

It is also important to note that the life of the vapor blanket stage 
depends on the temperature of the quenchant near the specimen; the 
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Fig. 24. Jominy Bar HarpNess Surveys OBTAINED WITH SrraigHtT MINERAL OIL, 
Watmr, AND 9 Percent Brine, 14-1N. AND 214-IN. StREAM HEIGHTS: 
TEMPERATURE OF 75 DEG F 


effect of increased agitation is to keep this temperature closer to the 
average temperature of the quenchant. 

The study of brine gives additional evidence in support of the state- 
ment made above for water —that the cooling power obtained with 
water at 75 deg was probably close to the theoretical maximum and 
that the cooling rates at the various points along the Jominy bar were 
largely dependent upon the thermal conductivity of the steel. 
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VIII. EvauvuaTIon OF QUENCHING OIL 


The much-debated question concerning the relative merits of 
straight mineral oils and special compounded quenching oils focused 
attention on oils as a subject of investigation for evaluation by means 
of the end-quench test. Although hardening power is not the only im- 
portant property of oils —stability, fire point, flash point, and cost 
must also be considered — for satisfactory hardening operations it is 
essential that a certain hardening power be produced consistently. It 
was hoped that testing both a compounded and a straight mineral oil 
would yield data that would make possible a comparison of the oils 
not only with each other but also with other quenchants. 


10. Materials 


A straight mineral oil and a compounded oil believed to be as fast 
as any on the market were obtained. A new quenching machine was 
constructed in order to eliminate the cleaning of the Jominy quenching 
machine when changing from aqueous to oil solutions. The pump used 
was more powerful than that used on the first machine, and made it 
possible to obtain greater stream heights. 


11. Methods and Procedure 


The great difference between the properties of oils and the quench- 
ants previously used prompted the running of preliminary tests to un- 
cover new troubles that might arise, particularly ignition of the oil 
when low stream heights and high temperatures were used. 

The method used for measuring the stream height of water and 
brine was at once found to be unsatisfactory: the oil umbrella tended 
to cling to the outlet pipe, so that a direct measurement of the stream 
height could not be obtained. The next simplest method seemed to be 
to measure the flow by collecting the oil over a fixed period of time. 
A given stream height was obtained by producing a rate of flow equal 
to that for water with the desired stream height. 

The preliminary tests showed that the oils would not be sensitive 
to the small change in stream height that results from going from 1% 
to 2% in. or from 24% to 3% in. Therefore it was decided to use neither 
the 1%4- nor the 3%-in. stream height. As it was manifest that full 
hardness would not be obtained with oils, it seemed advisable to use in 
addition a somewhat higher pressure. Therefore tests were also run 
with a stream height of 10% in. The rates of flow for the various 
stream heights used are given in Table 8. 


~~ 
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Because continuous operation of an ordinary quenching oil at a 
temperature of 200 deg is impracticable on account of rapid deteriora- 
tion and also because the maximum temperature used with water and 
brine was 210 deg, it was decided to use the same maximum tempera- 
ture with oil. 

A few tests with a stream height of % in. and a temperature of 210 
deg indicated that there would probably be no trouble from ignition 
of the oil. During the first few seconds of a quench a considerable 
amount of vapor was evolved, but there was no flash. 

Both oils were tested at the same temperatures as those used with 
water and brine — 75, 100, 125, 150, 175, and 210 deg. 

With the oils, end of the vapor blanket stage was quite indistinct. 
It was, however, apparent that this stage was relatively short in all 
cases, varying from a fraction of a second at low temperatures to about 
2 sec at 210 deg with a %-in. stream height. 


TABLE 8 


Rates or Ftow Usep To DETERMINE STREAM 
Hercuts ror Ort TESTS 


Stream Height, Rate of Flow, 
in. ml/sec 
% 65 
2% 155 
10% 310 


12. Discussion of Results 

Figures 27-32 show that the hardening power of oil is sensitive 
both to temperature and to stream height variations throughout the 
range used. This finding would be expected from the fact that even 
with the maximum hardening power obtained with oil (Figs. 29 and 30) 
the hardness values were considerably lower than the maximum ob- 
tained with water. In other words, the limiting factor is the character- 
istics of the oil rather than the conductivity of the steel. It will be 
recalled that with both water and brine the hardening power was 
also sensitive to test conditions when full hardness (about Re 57) was 
not obtained at the point 4, in. from the end of the Jominy bar. 

The hardening power was greatest with the lowest temperature (75 
deg) and the highest pressure (10%-in. stream height), and was 
gradually decreased as these were increased and lowered respectively. 
A number of investigators have reported a maximum cooling rate for 
oil at some intermediate temperature, usually about 140 deg. The ex- 
planation generally given is that an increase in the temperature of the 
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oil above room temperature changes two factors that affect the hard- 
ening power in opposite directions: the viscosity is decreased, thus 
promoting better self-agitation; the heat content is increased, thereby 
tending to reduce the rate of heat absorption. Seemingly with still 
quenching, the drop in viscosity with an increase in temperature may 
be the factor of greater importance until a temperature appreciably 
above room temperature is reached. 

Figures 33-35 facilitate a comparison of the two oils. It is readily 
apparent that the oils had practically identical hardening powers under 
the testing conditions used. Since the end-quench test was sufficiently 
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sensitive to reveal small changes in temperature and flow rate of the 
oils, an appreciable difference between the hardening powers of the 
oils, if it existed, should also be evident. 

Consideration of what is said above, in conjunction with data 
offered by other investigators who have shown a difference in harden- 
ing powers of the two types of oils, leads to the conclusion that the 
difference which exists is apparent only with little or no agitation of 
the quenching media. The same conclusion was reached by Metal- 
lurgicus‘**). This does not mean that the difference is therefore of no 
importance, for in many quenching operations the amount of agitation 
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is small. Even where considerable pressure is used there may be some 
sections of the parts quenched over which the flow rate of the quench- 
ing medium is much lower than the average value. 

A realization of the importance of still quenching has led to an 
investigation using a still-quench test (Part IV of this Bulletin). 
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IX. Comparison oF WATER, BRINE, AND OIL 


For a comparison of water, brine, and oil, hardness surveys for %4-in. 
and 2%-in. stream heights at temperatures of 75, 150, and 210 deg were 
replotted in Figs. 24-26. Figure 24b shows the great difference between 
oil, brine, or water at 75 deg with a stream height of 2% in. At the 
%4 ¢-1m. location, where the difference is the greatest, oil gives a hard- 
ness that is 17 Re numbers lower than that of water. Increasing the 
temperature to 150 deg (Fig. 25b) causes an even greater difference — 
22 Re numbers — because the hardening power of water is practically 
unaffected whereas that of oil is depressed. When the temperature is 
further raised to 210 deg the hardness surveys present an entirely 
different picture: although the hardening power of oil has been ap- 
preciably decreased, that of water and brine has been reduced to a 
small value and is below that of oil. This difference is to be expected 
from the very long vapor blanket stage of the aqueous solutions. 

A significant set of curves is shown in Fig. 25a, which represents 
the hardness surveys of the three quenching media at 150 deg and with 
a stream height of 144 in. Under these quenching conditions the hard- 
ening power of brine is near its maximum, whereas that of water has 
dropped below that of oil at the quenched end. 

Figures 24-26 also illustrate two differences between oil and the 
aqueous solutions: (1) a higher and more uniform hardening power 
may be obtained more easily with aqueous solutions over a fairly wide 
range of quenching conditions, and (2) because of the formation of a 
long vapor blanket stage, water does not lend itself as readily to the 
production of a wide range of cooling rates. The trend of the hardness 
surveys for oil indicates the possibility of obtaining a hardening power 
close to that of water by using a very high rate of flow. 
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X. EVALUATION oF AIR 


13. Apparatus and Materials 

The use of air as a quenchant in the Jominy test introduced the 
problem of protecting the cooling specimen from air currents that 
would be set up near it by a high-pressure blast. With the aid of 
experience gathered from many trials, the apparatus shown in Fig. 36 
was developed and found quite satisfactory. Figure 37 is a detailed 
sketch of the manner of holding the specimen. The high pressure air 
was obtained from a service line rated at 60 p.s.i. 

To measure the air velocity, a pitot tube and gage were used as 
shown in Fig. 36. 


14. Methods and Procedure 

The air velocity in a pipe varies considerably in going from the 
center to the wall; therefore three velocity measurements were made — 
at a point 4. in. from the wall, at the center, and at a point midway 
between the wall and the center — and were properly averaged. The 


Fic. 36. Apparatus Usep In Enp-QUENCHING SPECIMENS WITH AIR 


Upper left: a covered specimen in position for quenching. At right a pitot tube and differ- 
ential pressure measuring gage. The gage near the valve was used for measuring the static 
pressure in the air line. 
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results are given in Table 9. Three air velocities were used — 1820, 
1625, and 930 ft per sec. These velocities were calculated in terms of 
air at 14.7 p.s.1. abs and 70 deg for a %4-in. pipe. 

For the air tests the Jominy bars were electroplated in the same 
manner as for the water tests. After plating, the cover was attached to 
the specimen as shown in Fig. 37, and left in place during heating and 
quenching. The results of the three tests are given in Fig. 38. 

To determine whether the cover affected the cooling rate of the 
specimen, one specimen was cooled in still air in the standard Jominy 
fixture, and another was cooled with a cover attached in the air 
quenching apparatus. The hardness surveys were identical with zero 
velocity, as illustrated in Fig. 38. 


Cover, 
Heated With 
Test Bar 


Sealing Ring, 
Soldered to 


TTF AF I AFT I A AP A 


Test Bar and Baffle Plate 


Fig. 37. Deraits (Cross-SectionaL) oF APPARATUS Usep To Protect SIDES 
or Test Bar rrom Air Currents Durinc END-QUENCHING WITH AIR 


TABLE 9 
Fiow or Air Usep IN Jomrny TESTS WITH AIR QUENCH 


Differential Pressure Found with Pitot 


Tube, in. of Water Static Calculated Average Velocity of 
Test a Pressure, Air Leaving }4-in. Pipe (Based 
No. Location of Pitot Tube in 34-in. Pipe p.s.i. on Air Pressure of 14.7 p.s.i. 
Cent 6 in. 346 in. gage abs and 70 deg F) 
ene from side from side 
1 2 ee | era 57 930 ft/sec 
2 7.3 4.1 6.2 51 1625 ft/sec 


3 13.7 8.0 11.3 39 1820 ft/sec 
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15. Discussion of Results 

The hardness surveys plotted in Fig. 38 show that when an air 
blast is used instead of cold water for quenching, much lower hardness 
values are obtained. With the highest velocity used, 1820 ft per sec, 
the hardness 4, in. from the quenched end was Re 26, which cor- 
responded to a cooling rate of 16.4 deg per see (at 1300 deg). With the 
standard Jominy test the cooling rate at this point was 600 deg per 
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Fic. 38. HarpNess SurvEYS OF SPECIMENS END-QUENCHED WITH 
Air AT VARIOUS VELOCITIES 
Velocities listed have been calculated for air at atmospheric pressure 


sec. The hardness surveys also indicate a rather low sensitivity to 
velocity of air in the range used (930 to 1820 ft per sec) but a con- 
siderable difference between the cooling rate obtained with still air 
and with air at 930 ft per sec. 

In general, the results from the air Jominy test show that it is 
difficult to obtain more than moderate cooling rates with an air blast 
unless extremely small specimens are used. 


BUL. 389. HARDENING POWER OF QUENCHING MEDIA FOR STEEL 67 


XI. ConcLusIoNns 


Of the following conclusions, derived from the data obtained in 
this investigation, a number have been reported by other authors using 
different methods. It should also be emphasized that all the work re- 
ported herein was done with pressure quenching; the conclusions do 
not necessarily apply either to still quenching or to pressure quenching 
in which pressures and temperatures are different from those used in 
the experiment herein reported. 

(1) Advantages of the modified Jominy end-quench test are (a) its 
sensitivity for determining the hardening power characteristics of 
quenching media used in pressure quenching; (b) the low cost of the 
test; and (c) the ease with which the temperature and pressure of the 
quenching media may be controlled. 

(2) Over a wide range of both temperatures and flow rates the 
hardening power of water is practically the same. A temperature range 
of 34 deg to 125 deg with a pressure variation of 4- to 34-in. stream 
heights results in but a negligible change in the apparent hardening 
power. If a steel of lower hardenability had been used, a drop in hard- 
ness would probably have appeared with a somewhat lower tempera- 
ture and higher flow rate. 

(3) The difference in hardening power between water and a 9 per- 
cent brine is almost, if not entirely, dependent upon the life of the 
vapor blanket stage. Over the temperature and pressure range of 34 
to 125 deg and %- to 3%-in. stream heights, water and brine give the 
same results, because under these conditions and with the steel used, 
the vapor blanket stage was too short to be important. 

When the vapor blanket stage is of appreciable length, the shorter 
length associated with brine results in a retention of practically full 
hardening power at a higher temperature and lower pressure than with 
water. 

(4) The thermal conductivity of steel becomes increasingly impor- 
tant as the hardening power of the quenchant increases. With either 
water or brine at relatively low temperatures and spray pressures, the 
thermal conductivity of the steel is the major factor; therefore it is 
very difficult to obtain deeper hardening by a change in the quenching 
conditions. 

(5) The prolonged vapor blanket stage obtained with water may 
result in a hardness at the surface that is lower than that at some 
distance below the surface. This condition might well be one of the 
causes for the occurrence of the relatively soft surfaces that are some- 
times found on bars quenched by immersion. The drop in hardness 
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near the surface has usually been considered to be the result of 
decarburization or retained austenite. 

(6) Quenching oils have a relatively short vapor blanket stage 
throughout the usable temperature range; it is unlikely that this stage 
plays an important role in pressure quenching with oil. 

(7) The difference in the hardening power of straight mineral oil 
and compounded quenching oil is negligible with the pressures and 
flow rates used in this investigation. 

(8) The abrupt prolongation of the vapor blanket stage over a 
relatively narrow range in temperature, with its accompanying drop 
in hardening power, makes the aqueous solutions appear unsatis- 
factory for obtaining a range in hardening power. The hardening power 
of oil, on the other hand, may be gradually varied over a wide range 
by changing its temperature and/or agitation. 

(9) Even at high velocities, air has a relatively low hardening 
power. 
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PART II: 
BRINES (0 TO 25 PERCENT SODIUM CHLORIDE) 
UNDER AGITATED QUENCHING CONDITIONS 


I. Ospsect oF THE INVESTIGATION 


The great advantages of 9-percent brine over water as a quenching 
medium for steel that were found in Part I of the investigation raised 
the question of the effect of brine composition. It is true that Trembour 
and Scott?” with still-quench tests showed that a 9-percent brine was 
the optimum concentration. However, it appeared that the difference 
between still quenching and pressure quenching was great enough to 
warrant a study of the effect of composition by means of the modified 
Jominy end-quench test. 

The object of the investigation was to determine the practical value 
or usefulness of a modified Jominy end-quench test for simplifying the 
evaluation of brine quenching media as well as to obtain a more 
accurate concept of the phenomena involved. 
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II. Marertats AND EQUIPMENT 


The apparatus constructed for quenching the Jominy bars is 
shown in Fig. 39. The tank and piping were made of copper so as to 
withstand the corrosive action of the brine solutions. 

The Jominy test bar design was the same as that used in Part I 
of the investigation (Fig. 9), and the specimens for hardness surveys 
were prepared as described in Part I. 

All end-quench tests were made on an SAE 2340 steel having 
the following composition: 

C Mn te Ss Si Ni 
0.40 0.74 0.018 0.020 0.28 3.48 
This steel is not the same one which was used for the specimens in 
Part I. When the investigation was begun, Parts II and III were not 
anticipated; the original stock of steel was inadequate for the entire 
investigation. As might be expected from the composition of the new 
lot of steel, it had a higher hardenability than the one used in Part I 
of the investigation. 
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Fic. 39. QuENcHING Fixrure Usep ror Stanparp JomMINY TESTS AND 
EVALUATION OF BRINE-QUENCHING Mepis 
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Ill. ExperIMENTAL PROCEDURE 


A long preliminary survey was made to find a heat treatment 
procedure that would permit rerunning the Jominy bars and thus save 
much machining time. Since the hardenability drift was excessive in 
all cases, it was decided that each bar would be run only once. This 
procedure gave excellent reproducibility but of course increased the 
cost of the tests appreciably. All bars were normalized before machin- 
ing, by heating for 2% hr at 1575 deg. 

The machined test bars were austenitized for end quenching by first 
packing them in small pots with wood charcoal and graphite, and then 
placing the pots for 144 hr in a furnace operating at 1450 deg, so that 
the bars were at 1450 deg for about 35 min. 

The plan of the investigation was to evaluate brine as a quenching 
medium by measuring the effect of various concentrations, tempera- 
tures, and pressures of brine on the hardenability of the test bars. The 


following variables were chosen. 
Brine Concentration 


Temperatures Pressures of Quench Bath 
75, 125, 150, 175, 1g in. and 2% in. From no salt (0 percent) 
and 190 deg F stream heights to 25 percent, in steps of 


5 percent each 


Bain“ and others have carefully outlined the factors affecting 
the inherent hardenability of steel. It was the plan of the present 
authors, by use of the modified end-quench test, to eliminate all vari- 
ables except those listed above. Elaborating slightly on the control of 
variables it might be wise to first outline the manner of controlling 
the desired variables and then give a brief discussion of the manner of 
holding undesirable variables as constant as possible. 


1. Control and Range of Quench Bath Temperatures 

Seventy-five degrees F (room temperature) was chosen as the 
initial temperature because it is within the specified range of tem- 
perature of the standard Jominy test and because investigation of the 
effect of brine concentrations at room temperature upon the harden- 
ability of the steel in question was desirable. 

The problem of temperatures above room temperatures was solved 
by the use of two gas burners (one visible in Fig. 39) mounted under 
the tank. The burners supplied sufficient heat output in the lower 
temperature ranges (125, 150, and 175 deg) but the heating time was 
longer at the higher temperatures, and the maximum temperature of 
190 deg could not be maintained by the gas burners alone during a test 
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— that is, when a bar was being quenched. It was therefore necessary 
to add a G.E. Calrod heating element to the tank. The Calrod, oper- 
ating from a 220-v a-c line, had a peak output of 4700 watts which in 
conjunction with the burners provided the necessary heat output to 
the quench bath and greatly shortened the heating time for any 
specified temperature. 

A rheostat was placed in the 220-v line connected to the Calrod 
heating element. By manipulation of this rheostat the temperature of 
the quench bath could be maintained within + 1 deg of the specified 
bath temperature. 

In the by-pass line of the quench tank a thermometer was inserted 
which may be seen to best advantage in Fig. 39. 


2. Control and Range of Pressures 


Stream heights of % in. and 2% in. were selected to give maximum 
variation in results. It was felt that intermediate stream heights would 
not give clearly definable results over stream heights of % in. and 244 
in. and therefore would yield no additional information. 

Stream heights were carefully adjusted by use of the height indi- 
cator shown in position over the outlet orifice in Fig. 18. To maintain 
the 14-in. distance between the outlet orifice and the bottom surface 
of the specimen, a gage was designed which kept the distance from 
varying by more than a few thousandths from the specified %-in. 
distance. The stream height indicator and the gage were used through- 
out all tests. 


3. Control of Brine Concentration of the Quench Bath 


Control of the brine concentration presented a problem because it 
was often necessary to change concentrations while the solution was 
at an elevated temperature. The method that proved acceptable 
utilized the information set forth in Table 10. On the basis of that 
information five curves were plotted (specific gravity versus tempera- 
ture) for each concentration to be used. With a characteristic curve 


TABLE 10 


Spreciric GRAvITY OF AQuEOoUS SOLUTIONS OF SopIUM CHLORIDE 
AT Various TEMPERATURES” 


Percent Degrees C 
Solute 
0 10 15 20 40 60 80 
5 1.0384 1.0367 1.0355 1.0341 1.0267 1.0175 1.0079 
10 1.0771 1.0742 1.0726 1.0707 1.0621 1.0524 1.0425 
15 1.1162 1.1125 1.1105 1.1083 1.0988 1.0884 1.0778 
20 1.1562 1.1519 1.1497 1.1473 1.1371 1.1259 1.1142 
25 1.1972 1.1927 1.1904 1.1879 1.1772 1.1652 1.1520 
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for each concentration, it was fairly easy to change concentrations, 
even with the bath at elevated temperatures, by the use of a hy- 
drometer and a thermometer. Before proceeding, several standard salt 
solutions were prepared, both to calibrate the hydrometer and to check 
the values of Table 10. Each quench bath was checked several times 
for concentration before quenching the test bar. The final concentra- 
tion check was usually made within a 5-min period immediately before 
the quenching operation. 

As mentioned earlier, other factors that would affect the harden- 
ability of the bar to be tested were held to a minimum, or at least 
constant throughout the investigation. Such factors as austenitizing 
temperature, time at austenitizing temperature, prior thermal treat- 
ment, grain size, surface condition, size of specimen, etc. were kept as 
nearly identical as possible for all tests; hence the results are a func- 
tion of the brine concentration of the quench bath, its temperature, 
and its pressure. 
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IV. Discussion or REsutts 


4. Evaluation of Brine Quenching Media with Jominy Test: 2%-in. 
Stream Height 

The hardness surveys for the Jominy tests at temperatures of 75, 
150, 175, and 190 deg and with stream heights of 4% and 2% in. for 
various concentrations of brine solutions are given in Figs. 40 and 41. 
Though original plans called for using the temperature of 125 deg, a 
test run showed hardness values so near results obtained at 75 deg, 
even for water, that the temperature of 125 deg was not investigated 
with brine quenching media. 

The results obtained at room temperature with a stream height of 
2% in. (Fig. 40) show no advantage in the use of brine quenching 
media: the hardness values for 5-, 15-, and 25-percent concentrations 
of the quench bath were all of the same order of magnitude as those 
obtained with plain water as the quenchant. In fact, the hardness 
values were so near those of water that they may be represented (Fig. 
40) by a single line. 

Figure 40b demonstrates the effect of raising the temperature to 150 
deg. As at 75 deg, the brine concentration shows no apparent ad- 
vantage; the hardness values for the salt solutions are the same as 
those obtained with water. The only difference is that the hardness 
values obtained at 150 deg are very slightly lower than those obtained 
at 75 deg. The point %¢ in. at 75 deg gives a hardness value of Re 42; 
the same point at 150 deg gives a value of Re 39.5. Other locations 
along the bar tested at 150 deg show smaller differences in hardness 
values than the results obtained at 75 deg. 

Increasing the temperature to 175 deg brought a decided change in 
results, as may be demonstrated by Fig. 40c. The water, or 0 percent 
NaCl, has a hardness at the quenched end of 38 Re; at %6» in. from 
the quenched end the hardness has gradually increased to 47 Re, with 
a decrease in hardness beyond this point. This phenomenon may 
be explained by the fact that at 175 deg the first signs of a vapor 
stage became apparent. The vapor stage was noticeable, for the 
quenchant impinged upon the bottom surface of the specimen and 
formed an umbrella with no apparent quenching action. The end of the 
vapor stage was distinct and definite. After a certain period of time 
the umbrella contracted, the quenchant wet the specimen, a slight 
boiling of the quenchant ensued, and the umbrella assumed its original 
shape. The duration of the vapor stages for all runs at this temperature 
and pressure was measured with a stopwatch. 
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The “humped” hardness curve for water (0 percent NaCl), shown 
in Fig. 40c, is similar to curves obtained in Part I of the investigation. 
It is explained on page 42. 

Vapor stages were apparent for the brine quenching media of 
Fig. 40c, and although they were of shorter duration than for water, 
they too affected the hardness values. Runs were made for brine solu- 
tions of 10, 15, and 20 percent concentration, but since their hardness 
values were found to be intermediate between those for 5 and 25 per- 
cent, they were not included in the figure. The vapor stage for the 
5-percent solution was very short and difficult to measure; it was of 
the order of magnitude of 1 sec. The effect of the vapor stage on the 
cooling rate of the brine solutions is noticeable, in that hardness values 
for the 5-percent solution are higher than for the 25-percent solution, 
except near the end of the quenched surface; there the 25-percent 
solution gave higher hardness values than the 5-percent, as would be 
expected. This phenomenon has been explained on page 42 for the 
water curve (0 percent); the same explanation holds for the brine 
solutions. If a point %¢ in. from the quenched end in Fig. 40c is chosen, 
the hardness values at this point alone could be misleading, since they 
would give 0 percent (water) as Re 43, 5 percent as Re 39, and 25 per- 
cent as Re 37. 

We may say, then, that as the vapor blanket stage increases in du- 
ration (within limits), the maximum hardness value obtained occurs at 
a greater distance from the quenched end of the specimen. The hard- 
ness values on a test bar at greater distances from the quenched end 
than the maximum hardness point may be somewhat above the hard- 
ness values obtained at corresponding points on a bar on which a 
shorter vapor stage had occurred. As the vapor stage increases, the 
maximum hardness values obtainable in the bar decrease. 

These statements are well illustrated in Fig. 40d, which shows the 
effect of raising the temperature to 190 deg. At this temperature the 
vapor stages were of much longer duration and their corresponding 
effects more pronounced. The water (0 percent of NaCl) curve shows 
practically no hardness gradient. The vapor stage lasted for 200 sec; 
by the time it had ended, all the austenite had transformed by air 
cooling or vapor blanket cooling. The application of brine quenching 
media of increasing concentrations decreased the vapor blanket stage; 
with a 25-percent brine solution for the quenchant, that stage was re- 
duced to 17 sec, and practically full hardness was obtained even at 
190 deg. 
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The intermediate brine concentrations (5, 10, 15, and 20 percent) 
each caused a decrease in the vapor blanket cooling stage and a cor- 
responding increase in the maximum hardness. As the vapor stage 
decreased with increasing salt concentration of the quench bath, the 
maximum hardness moved gradually toward the quenched end of the 
bar. With the 5-percent solution the maximum hardness (Re 32) is 
located at a distance of 124, in. from the quenched end. With the 
10-percent solution the maximum hardness (Re 44) is located at 
%4¢ in.; with the 15-percent solution the maximum hardness (Re 52) 
is located at % 6 in.; and with the 20-percent solution the maximum 
hardness is located at 24 in., or virtually at the quenched end. The 20- 
percent solution, then, decreased the vapor stage to a value that had 
little effect on the hardness survey. The duration of the vapor stage 
for the 20-percent solution was 23 sec; the difference between 23 sec 
and the 17 sec for the 25-percent solution — namely 6 sec — accounts 
for the differences in end hardness produced by these two solutions 
used as quenching media at 190 deg with a stream height of 2% in. 


5. Evaluation of Brine Quenching Media: %-in. Stream Height 

Two temperatures were investigated with the %-in. stream height 
— 175 and 190 deg. After a study of the foregoing tests and those made 
on brine in Part I, it was decided that little additional information 
could be expected from tests at 150 deg and 75 deg with a %-in. stream 
height, and therefore they were not made. 

The results obtained at 190 deg with a %-in. stream height 
(Fig. 41a) are discussed first, since the results at 175 deg required 
additional experimental work for a clear explanation of the results. 

The results obtained at 190 deg with a %-in. stream height show 
some similarity to the results obtained at the same temperature with 
a stream height of 2% in. (Fig. 40d) except that the maximum hard- 
ness values are lower in all cases. The vapor stages were of much 
longer duration; and even though the 25-percent solution reduced the 
vapor stage to 30 sec as compared with 295 sec for plain water at this 
temperature and pressure, the 30-see vapor stage was too long for full 
hardness. The maximum hardness obtained with the 25-percent solution 
is Re 538 at *%.» in. from the quenched end, compared with Re 56 at 
the quenched end when a 25-percent solution at 190 deg and a stream 
height of 2% in. is used. Figure 41a resembles previous figures in that 
it shows the same progression of maximum hardness values toward the 
quenched end of the bar as the vapor blanket stage is decreased. Figure 
41a shows clearly that the brine solutions at this temperature and 
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pressure exert a tremendous effect in reducing the vapor stage and 
promoting hardness, even though the 25-percent solution does not pro- 
mote full hardness in the test bar. The results also indicate that pres- 
sure or stream height contributes to reducing the vapor stage and to 
promoting hardness (compare Figs. 41a, 40d, and 20e). 

The brine solutions of various concentrations and pressures possess 
a pronounced characteristic — their ability to wet the specimen at a 
higher temperature and thus to reduce the vapor stage. When the 
vapor blanket stage is shortened. by the use of a brine solution, the 
temperature of the specimen has not fallen to the value it would have 
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reached if the vapor stage had been of longer duration. As has been 
mentioned, it is a characteristic of the brine solution to be able to wet 
the test bar at this higher temperature. 

Figure 41b illustrates the results obtained at 175 deg with a stream 
height of % in. It is clear that something peculiar happened at this 
combination of pressure and temperature, for the 15-percent solution 
gives hardnesses near the end of the bar that are far below those 
obtained with the 5-, 20-, or 25-percent solutions. To find the cause 
of this unexpected change required many tests. 

The hardness values for 5-, 20-, and 25-percent brine solutions are 
of about the magnitude that would be expected from the duration of 
the vapor stages recorded and a comparison of these with others, say 
at 175 deg at a stream height of 2144 in. The vapor stages for 10- and 
15-percent solutions also indicated that the hardness values would be 
different from those actually obtained. In Fig. 41b the hardness values 
for the 15-percent solution are only slightly above those for water. 
This apparent anomaly was verified by a number of retests. 

Several reruns were made with a 10-percent solution, but the 
hardness values were too erratic to be recorded. It was eventually dis- 
covered that though the vapor stage was of about the expected order 
of magnitude the second stage of cooling —the vapor transport, or 
boil— was so long and so violent that little quenching was taking 
place. The delay in positive quenching action allowed the austenite to 
transform at a higher temperature, resulting in lower hardness values. 
This fact explains the dotted-line hardness values of the 15-percent 
solution. 

The violent boiling stage that followed the vapor blanket stage had 
this overall effect on the hardness values: it greatly prolonged the 
initial vapor blanket stage, although spasmodic quenching occurred 
during the boil. This spasmodie quenching undoubtedly caused the 
erratic results obtained with the 10-percent solution, since the initial 
vapor stage was 20 sec and the boil lasted for well over a minute. When 
the 15-percent solution was used, the boil lasted for a shorter time and 
was not violent; therefore, hardness values could be obtained, even 
though they were misleading. The hardness values when other solutions 
were used — 5, 20, and 25 percent — seemed to suffer no deleterious 
effects at this critical temperature and pressure, except that the 5- 
percent survey shows an odd twist at 4%. in. from the quenched end. 
On the basis of the duration of the initial vapor stage recorded for this 
solution (40 sec) it would seem that from 4. in. to the quenched 
end the hardness values should decrease instead of increase. 
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The anomaly can receive only a partial explanation, as follows. 
At this combination of pressure and temperature, a 5-percent solution 
gives a hardness survey that is apparently a transition from the ordi- 
nary hardness survey, as obtained by the standard Jominy test, to a 
“hump” type of hardness survey, similar to that obtained with water 
at this temperature and pressure. As previously mentioned, the second 
cooling stage (or boil) was apparent in this series of tests, and this 
boiling stage often produced irregular or nonuniform quenching 
action. It is natural to assume that such action had a decided effect 
on the results obtained even with the 5-percent solution, although it 
was not as pronounced as that obtained with the 10- or 15-percent 
solutions. 

An attempt was then made to determine definitely whether the 
vigorous boil was responsible for the erratic results shown in Fig. 41b. 
It was reasoned that if a bar were totally submerged in a quench bath, 
then despite the violent action of the solution near the surface of the 
bar there would be an abundance of brine surrounding the bar, and 
true quenching would take place. If a bar were sectioned and Re hard- 
ness readings taken across the sectioned surface, an indication of the 
quenching action could possibly be evaluated. 
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Bars were prepared for such an operation. The largest rounds that 
could be found were 15-in. bars of SAE 2340 of the following com- 
position: 

C Mn Phos NS) Si Cr Ni Mo Cu 
0.39 0.87 (0,026) 0.024" 0520750518 923 geen 02 Oo UROL 
Although larger rounds, or a steel of lower hardenability, would have 

been more appropriate, the above-named material was utilized. 

The bars were turned down to 1% in. The length of the bar was 
four times the diameter and the bars were cut in two at the midpoint 
after they had been quenched in water—5-, 10-, 15-, 20-, 25-percent 
brine solutions all at 175 deg. 

Results of hardness surveys (Fig. 42) indicate that the drop in 
hardness obtained with the modified Jominy test was not characteristic 
of an immersed quench, since the hardness of none of the larger bars 
dropped below Re 45, and this value was with plain water’. 


6. Discussion 


Throughout the presentation of results, occasional mention has been 
made of the vapor stage and its effect on the hardness survey obtained. 
Since all vapor stage durations were recorded, a comparison of these 
should show the effectiveness of the brine quenching media at various 
temperatures and pressures. 

No vapor stages were apparent with quench bath temperatures of 
150 deg or below; therefore vapor stages may be taken as a basis for 
comparing hardening power only for the quenching temperatures of 
175 deg and 190 deg used in this investigation. 

Figure 48 illustrates the results obtained when the duration of the 
vapor stage, in seconds, is plotted against the concentration of. the 
quench bath. It is plain that (within the range of temperatures and 
pressures presented in the figure) increasing the brine concentration 
decreases the vapor stage, with a corresponding increase in hardness. 
The difference between curves 1 and 2 represents the effect of pressure 
on the duration of the vapor stage, since both were at the same 
temperature (190 deg). A 10-percent solution on curve 2 has a vapor 
stage of 68 sec and a maximum hardness of Re 44.3 (Fig. 40d) at 
%¢ in. from the quenched end, whereas a 10-percent solution on curve 
1 has a vapor stage of 134 sec with a maximum hardness of Re 30 
(Fig. 41a) at 124 in. from the quenched end. The comparison demon- 
strates the effect of pressure. 

1Though Fig. 42 contains some rather odd results, explanations will not be given, since the 


test served its intended purpose in merely indicating” ‘that the hardness values for the various 
brine quenching media were fairly constant. 
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Values for vapor stage duration seemed to be consistent for all 
curves except curve 1. In an attempt to secure consistent results, 
numerous reruns were made at 190 deg with a %-in. stream height. It 
was finally decided that a band best represents the values of the vapor 
stage duration obtained at this combination of pressure and tempera- 
ture, since the adjustment of the stream height was the critical item 
and no matter how accurately it was adjusted the values for the 
duration of vapor stage would vary somewhat from a previous value. 
Because lack of time prevented running enough tests to determine the 
width of the band, values were used that seemed to be of average 
magnitude. 

A comparison of the vapor stages obtained in Fig. 48 with those 
previously reported in Table 6 shows a considerable difference in 
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values for the same quenching conditions. The difference is due partly 
to the difficulty of obtaining close checks of the vapor stages and 
partly to a difference in the quenching apparatus. The apparatus for 
this part of the investigation was far superior to that used in Part I 
and it may be assumed that the values reported in Fig. 43 are the most 
nearly accurate. 

All points representing vapor stages in the figure correspond to bars 
on which hardness surveys were made, and shown in Figs. 40 and 41. 
Many bars were used to check the correct vapor stage duration times, 
but their values were not plotted in the figure if their hardness values 
had not been used previously. For this reason the hardness values ob- 
tained in Figs. 40 and 41 can be correlated directly with the vapor 
stage durations of Fig. 48. 

A vapor stage duration of more than 20 sec caused a decrease in 
hardness from the maximum value obtainable. A vapor stage duration 
of more than 200 sec caused either no hardness gradient or else a mini- 
mum increase over that obtained by merely normalizing the bar. 

In order to compare the brine concentrations necessary to produce 
the same hardness at different pressures, it is merely necessary to move 
horizontally across Fig. 43. For instance, a 10-percent solution at a 
temperature of 190 deg and stream height of 2% in. results in a 
maximum hardness value of Re 44 at %¢ in. from the quenched end. 
To find the concentration needed to produce this same hardness at a 
¥4-in. stream height, move horizontally from the vapor stage point 
on curve 2 until it intersects curve 1. Dropping down vertically from 
this point, it is seen that a salt concentration of about 17.5 percent 
would be necessary to produce this hardness with a %-in. stream 
height. A quick estimate based on Fig. 41a shows that a 17.5-percent 
solution would give a hardness value of about Re 44 at about %4¢ in. 
from the quenched end. This example makes it clear that a fairly good 
estimate can be made of the effectiveness of the brine quench media 
at various temperatures and pressures, for the same principle applies 
to the curves for 175-deg quenching media. 

Though the modified end-quench test gives erratic results with the 
10- and 15-percent solutions at 175 deg and with a %-in. stream height, 
the vapor stage obtained for these two solutions is indicative of a given 
hardness level. The boil was so vigorous as to make this hardness 
practically unattainable with the modified Jominy end-quench test. 
If it may be assumed that the modified Jominy end-quench test results 
give at least qualitatively the hardening power to be expected in an 
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agitated immersion quench, the vapor stage times would probably 
afford the best criterion for judging the effect of a given set of quench- 
ing conditions. The results set forth in Fig. 42 bear out this belief, 
since a relatively high hardness level is maintained with all concen- 
trations at 175 deg. 

When the investigation began it was hoped that as a result of the 
known relationship between hardness values and the cooling rates in 
the standard Jominy end-quench test, any set of quenching conditions 
could be simply represented quantitatively. 

The investigation has shown that, at least for the brines, the possi- 
bilities of a hardness—cooling-rate conversion are of limited applica- 
bility. In the standard Jominy end-quench test the vapor blanket 
stage is negligible. Any set of quenching conditions which produced 
an appreciable vapor blanket stage would give cooling curves quite 
unlike those obtained in the standard test, and an attempt to use data 
from the standard test would be expected to result in errors. 

The tests with brine have shown that with pressure quenching the 
hardening power of the brines was characterized fairly accurately by 
the vapor blanket stage associated with any set of quenching con- 
ditions. All those conditions which gave a negligible vapor blanket 
resulted in practically identical hardening powers. This fact means 
that the quenching conditions which would lend themselves to a hard- 
ness—cooling-rate conversion are so much alike in hardening power 
that there would be no practical value in an attempt to rate them 
with one another. 

A study of the hardness survey curves that result from the dis- 
continuous cooling associated with the lengthy vapor stages indicates 
the unlikelihood that any useful quantitative rating could be formu- 
lated which would represent the hardening power obtained. 

The difficulty of obtaining a quantitative rating cannot be at- 
tributed to the end-quench test, but rather to the complexity of the 
cooling rates obtained with the brines. The end-quench test does 
give a clear picture, although a qualitative one, of the effects of tem- 
perature, agitation, and composition of the brines. 
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V. CONCLUSIONS 


As a means of evaluating brine quenching media a modified Jominy 
end-quench test was used, which has been described in detail. The 
test method developed was based on a quantitative measure of the 
hardness produced along the test bar by the various quenching media 
utilized, and the quenching media were heated to various temperatures 
in order to produce extended vapor stages. 

This test yielded the following information on brine quenching. 

(1) The hardness values obtained along the Jominy bar are de- 
pendent on the cooling rates at the various points, and these in turn 
are related to the cooling power of the quenchant used. The Jominy 
end-quench test has potentialities as an easy and economical method 
of evaluating brines. 

(2) The hardness values obtained in this investigation at various 
temperatures, pressures, and concentrations give a better indication 
of the severity of quench, especially at temperatures where the “hump” 
type of hardness survey is obtained, than could be represented by any 
single evaluation number. 

(3) Increasing the brine concentration decreases the vapor stage 
within the range of temperatures and pressures having a vapor stage 
duration of measurable magnitude. 

(4) The duration of the vapor stage with any one brine concentra- 
tion depends on the stream height and the temperature of the brine. 

(5) As the duration of the vapor stage increases in magnitude, the 
point of maximum hardness progresses from the quenched end to some 
position farther up the bar; moreover, as the vapor stage increases, 
the maximum hardness obtainable decreases. This is the result of 
two conditions: (a) as the vapor stage increases, more and more of the 
austenite transforms before rapid quenching begins; (b) the maximum 
cooling rate that can be obtained at any given point along the bar 
decreases as the distance from the quenched end increases. 

(6) The modified end-quench test gave erratic results at certain 
combinations of pressure, temperature, and concentration. Although 
these results are to be expected with exposed spray quenching they are 
not indicative of what would happen in agitated immersion quenching. 
The violent boiling which caused the erratic quenching of the end- 
quench bar would be expected to increase the hardening power, be- 
cause of the accompanying high degree of agitation that should result. 

(7) The vapor stage duration may give a very satisfactory indi- 
cation of the hardness produced in the piece being tested. Predictions 


BUL. 389. HARDENING POWER OF QUENCHING MEDIA FOR STEEL 87 


may be made by comparing vapor stage duration curves for various 
combinations of pressure and temperature. 

(8) Although the results of the investigation present evidence 
supporting that obtained by means of cooling curves, such as those 
found in the work of French and Scott‘, the complexity of the 
variables prevents a close comparison. 

(9) Trembour and Scott) with still-quench tests showed that 
soft spots increased with increasing brine concentration above about 
9 percent at various temperatures. The present investigation, however, 
using only pressure quenching, indicates that under those conditions at 
which concentration had an effect the 25-percent brine had the great- 
est hardening power. It is possible that the very vigorous boiling which 
was encountered in some of the spray tests may be an important factor 
in still-quench tests. 
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PART III: 


HIGH-TEMPERATURE QUENCHING OIL AND ETHYLENE 
GLYCOL UNDER AGITATED QUENCHING CONDITIONS 


I. Opsect oF THE INVESTIGATION 


The success with which the modified Jominy end-quench test re- 
ported in Parts I and II clarified the various factors affecting the 
cooling power of quenchants made it desirable to study two more 
quenchants — (1) a relatively new oil designed for high-temperature 
operation such as is required for martempering, and (2) ethylene 
glycol, which has relatively high stability and satisfactory use as a 
coolant in other applications. 

The object of this part of the investigation was to determine by 
means of the modified Jominy end-quench test the effect of variations 
of temperature and agitation on the hardening power of a high-temper- 
ature quenching oil and ethylene glycol. The authors were especially 
interested in making a comparison of these quenchants with the oils 
and aqueous solutions previously reported in Parts I and II. 
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II. MATERIALS AND EQUIPMENT 


The steel used in this part of the investigation was SAE 2340, from 
the same heat as that used in Part II of the investigation. The design of 
the test bars, the heat treatment of the test bars, and the preparation 
of the test bars for hardness surveys were also the same as in Parts 
I and II. 

The apparatus for end-quenching the test bars was that used in 
Part I of the investigation for oils. Its construction was similar to that 
of the apparatus shown in Fig. 39. 

The straight mineral oil used in Part I of the investigation was 
also used in this part of the investigation, for the purpose of compari- 
son. Though this oil had been studied thoroughly in Part I, the tests 
were made on a different heat of steel. For both simplicity and ac- 
curacy of discussion it was thought best to repeat the necessary tests 
with the same steel as was used for the other media in this part of the 
investigation. 
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III. ProcepurE 


In this test the temperature and agitation of the media were the 
variables; the hardenability of the steel specimen was the constant. 
It was essential, then, to maintain accurate control of both temper- 
ature and agitation so that the data obtained would be indicative of 
certain specific quenching conditions. 

Accurate temperature control of the liquid under investigation was 
maintained by an immersion electric resistance heater connected to 
an auto-transformer. The circuit was opened and closed by a relay 
operated by a Leeds and Northrup controller which was connected to 
a chromel-alumel thermocouple. The thermocouple was kept immersed 
in the liquid being tested and the temperature was controlled to 
+5 deg. 

The bath temperatures used in the investigation of the straight 
mineral quenching oil were 75, 150, and 210 deg. Though this is a low- 
temperature quenching oil, it was felt that bath temperatures of 150 
and 210 deg would be of importance because in the quenching of large 
metal masses the medium at the hot metal interface is heated to a 
considerable degree. 

The bath temperatures used in the investigation of the martemper- 
ing quenching oil were 250, 300, 350, and 400 deg. The minimum 
temperature, 250 deg, and the maximum, 400 deg, were the extreme 
bath temperatures recommended by the manufacturer. After examina- 
tion of the results obtained at bath temperatures of 250 and 400 deg 
it appeared that bath temperatures of 300 and 350 deg would suffice 
to show the variation in cooling properties of the oil for the 250-400 
deg temperature range. 

The temperatures used in the evaluation of ethylene glycol as a 
quenching medium were 75, 150, and 210 deg. The maximum tem- 
perature that was attainable without increasing the risk of a fire was 
considered to be 210 deg. 

The physical properties of the straight mineral oil, the martemper- 
ing oil, and ethylene glycol are shown in Table 13. 

Control of the free stream height (agitation) of the quenching 
media investigated was accomplished by indirect means. Direct de- 
terminations of the stream heights of the straight mineral and mar- 
tempering oils and ethylene glycol could not be made because of the 
inherent properties of these media which prevented the formation of 
a steady stream height. It was necessary instead to use the method 
described in Part I (pages 52-53) —.that is, to measure the respec- 
tive stream heights of these media by their rates of discharge through 


BUL. 389. HARDENING POWER OF QUENCHING MEDIA FOR STEEL 91 


the %-in. orifice of the Jominy apparatus as compared with the rates 
of discharge of water under known stream heights. 

Three pressures were used in the evaluation of the two oils and the 
ethylene glycol, corresponding to the rates of discharge of water flow- 
ing through a %-in. orifice under measured stream heights of % in., 
2% in., and 10% in. The value of 10% in. was chosen because it was 
equal to the stream height resulting from twice the rate of discharge 
produced by the 244-in. stream height. 

In heat treating practice it is customary to express agitation in 
terms of velocity of the specimen in motion through the quenching 
medium. A consideration of the modified end-quench test would indi- 
cate that a correlation may exist between the modified Jominy hard- 
enability curve and the critical diameter of a specimen quenched by 
immersion in the same medium with the same degree of agitation and 
temperature. In commercial quenching processes, agitation of the 
quenchant is accomplished either by moving the specimen while im- 
mersed in the quenchant or by moving the quenchant with the speci- 
men at rest. In either case, agitation is usually expressed in terms of 
relative velocity of the specimen to the quenching medium in feet per 
second. Realizing the advantage of expressing the magnitude of the 
agitation in units more easily understood by the heat treater, a method 
was sought to express the stream heights in terms of velocity flow of 
the quenchant across the surface of the quenched end of the 
Jominy bar. 

The determination of the velocity of the quenchant across the 
quenched end of a Jominy bar while under test presented a problem 
of complexity in hydraulics. Because of the great difficulty involved in 
calculating the average velocity of the liquid as it flowed across the 
surface of the bar, it was felt that the velocity of the liquid as it left 
the bar would meet the requirements for this investigation. 

The determination of the velocity of the quenchant as it left the 
Jominy bar could be attacked by two experimental methods of 
analysis: 

(1) The falling liquid could be treated as a problem in trajectories; 
by measurements combined with the well-known gravity equation, 
S=Vgt*?, and the velocity equation, velocity = S/t, the velocity 
of the liquid could be calculated just as it left the surface of the 
Jominy bar. 

(2) By analysis of the radial stream with a suitable pitot tube, the 
velocity of the stream could be calculated by means of the velocity- 
head equation. 
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TABLE 11 
MemASURED STREAM HEIGHT oF WATER IN TERMS 
or VeLocITY oF WATER LEAVING JOMINY Bar 
(CALCULATED BY THE TRAJECTORY MrtTHop) 


Measured Stream Height, Velocity of Water Leaving Bar, 
in. ft/sec 
4 0.6 
214 5.0 
10144 17.9 


The first method of determining the velocity was tried. The stream 
height was adjusted to % in. by means of the calibrating device de- 
scribed on page 37. The trajectory of the liquid was measured with a 
scale and spirit level, care being taken to make all measurements 
accurate. It was found that the stream dropped 4 in. from the level 
of the quenched surface of the Jominy bar at a point *4¢ in. (hori- 
zontal distance) from the side of the bar. By means of the equations, 
the velocity of the stream as it left the bar was determined to be 
0.613 ft per sec. Other velocities were calculated as shown by Table 11. 

The authors considered these velocities to be in considerable error, 
due to surface tension effects at the low velocities and to vertical 
diffraction of the liquid at high velocities. 

A consideration of the pitot tube revealed that it is an ideal device 
for measuring the velocity of streams or jets“*°® and that it appeared 
well suited for the present investigation. 

A pitot tube was therefore constructed by drawing a 4-in. glass 
tube to a diameter of approximately 4%4 in. The tubing was then bent 
90 deg at a point 6 in. from the drawn end, and the drawn end was 
ground flat and normal to the axis of the tube. 

When the stream height was adjusted to %, 214, and 10% in., the 
end of the Jominy bar diverted the water into a radial stream. The 
pitot tube was then inserted into this stream in such a manner that the 
axis of the pitot tube was parallel to a radial streamline of the diverted 
liquid and the open end of the tube was adjacent to a radius of the 
Jominy bar (Fig. 44). The velocity of the water as it left the specimen 
was converted into a static head, which was measured. The static 
head values were then converted into velocities by the equation 


V=ky gh, 


where k is the tube constant (most often unity or close to unity value), 
g the value for the acceleration gravity (32.3 ft/sec/sec), h the static 
head in feet, and V the velocity of the liquid in feet per second. 

The velocity values calculated by the pitot tube are shown in 
Table 12, assuming k equal to unity. 
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TABLE 12 
MEASURED STREAM HercuT or WATER IN TERMS 
or Vetocity or Water Leavine Jominy Bar 
(CALCULATED BY THE Prror TuspE Meruop) 


Measured Stream Height, Velocity of Water Leaving Bar, 
in. ft/sec 
ly 1.23 
2% 4.39 
101% 10.50 


Fig. 44. MrasurEMENT, By Use or A Piror Tuss, oF VELOCITY OF 
Water AS It Leaves JomINy Bar 


1. Determination of Degree of Possible Deterioration of Quenching 
Media During Quenching Process 

If a physical or chemical change occurred in the media tested dur- 
ing the period of investigation there would be an added variable which 
would considerably affect the final conclusions. 

Several authors“ **) state that mineral-type quenching oils are 
subject to fractional distillation during the quenching process. Frac- 
tional distillation of the lighter hydrocarbons causes an increase in the 
viscosity of the oil—a physical change that is often manifested by an 
increase in the flash and fire-point temperatures. 
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To determine whether physical deterioration occurred in the 
straight mineral or martempering oils during the period of investiga- 
tion, samples of each oil were analyzed, before and after use, for their 
flash and fire-point temperatures and for viscosity. 

Although ethylene glycol will not undergo fractional distillation as 
compared to the oils, it will decompose into certain other decomposition 
products (aldehydes for one) when exposed to high temperatures. 
Analyses of the physical properties of the new and used ethylene glycol 
were made (Table 13) to determine any possible deterioration. 


TABLE 13 
PuysicaL PROPERTIES OF QUENCHING MeEpIA 

Straight Mineral Quenching Oil New Oil Used Oil 
Flash Point (deg F)* 354 362 
Fire Point (deg F) 400 400 
Viscosity-Saybolt Universal Seconds 106 108.5 

at 100 (deg F)t 
Martempering Quenching Oil New Oil Used Oil 
Flash Point (deg F)* 510-515 510-515 
Fire Point (deg F) 590 590 
Viscosity-Saybolt Universal Seconds 1055 1305 

at 100 (deg F) + 
Ethylene Glycol (technical grade) New Oil Used Oil 
Flash Point (deg F)* 257 No change 
Fire Point (deg F) 262 No change 
Viscosity-Saybolt Universal Seconds 55.6 No change 

at 100 (deg F) t+ 
Hydrometer reading at 25.2 (deg F) L112 No change 


* Determination of Flash and Fire-Points. ASTM D 92-94. 
{ Viscosity-Saybolt. ASTM D 88-30. 


As a further assurance of the stability of the three media, modified 
Jominy end-quench tests were made which employed used media under 
the same quenching conditions as when the media were new. 

The results of both the analyses of the physical properties and the 
modified Jominy end-quench test proved conclusively that no essen- 
tial change occurred in the media while they were being investigated. 


2. Determination of the Effect of Possible Tempering During High- 
Temperature Quenching 

Because of the possibility that tempering might take place during 
the end-quenching, especially in the evaluation of martempering oil 
at 400 deg, it appeared necessary to determine the degree of magnitude 
of such tempering if it occurred. 

The tempering process which often occurs when steels are quenched 
into hot oil or salt baths is referred to in the literature as “self- 
tempering.” Its mechanism cannot be explained satisfactorily. Kurd- 
jumow®) states that it does not seem logical that the tetragonal 
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martensite which formed in the rapid cooling of the steel to 400 deg 
should decompose, when maintained at that temperature, to form 
body-centered martensite and/or ferrite containing an indiscrete pre- 
cipitate, probably a carbide. Epstein‘*®’ answers Kurdjumow’s implied 
question by asking why cementite which forms in cast iron at the 
eutectic temperature will decompose if held at some lower tempera- 
ture. There is no satisfactory explanation of “‘self-tempering.”’ 

The degree of tempering was determined by tempering a Jominy 
bar which had been previously end-quenched with martempering oil 
at a bath temperature of 250 deg and a stream height of 101% in. End- 
quenching under these conditions produced the greatest hardness in the 
Jominy bar during the evaluation of the martempering oil. This 
Jominy bar was tempered in a Lindberg forced-air tempering furnace 
at 400 deg for 1 hr furnace time. It was then surface-ground, polished, 
and hardness-surveyed as described on pages 32-34. 

The results of this determination indicated that the loss in hardness 
due to the effects of tempering was minor — at most not greater than 
2.1 Re numbers at 46 in. from the quenched end. Since the time of 
end-quenching was limited to 20 min, the loss of hardness due to 
tempering would be considerably lower than 2.1 Re numbers. 
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IV. Discussion or RESULTS 


3. Evaluation of Straight Mineral and of Martempering Oils with 
Varying Bath Temperatures 


The hardness survey (Fig. 45a) clearly indicates the effect of bath 
temperatures upon the hardening ability of the oil at a stream height of 
10% in. 

When investigated at stream heights of 244 in., martempering 
oil showed a pronounced decrease in quenching ability as the bath 
temperature was increased to 400 deg (Fig. 45b). 

The role of agitation in the quenching process is stressed with re- 
markable clarity in Fig. 45. With bath temperatures of 300, 350, and 
400 deg, the hardening ability of martempering oil was seriously im- 
paired as the agitation was reduced to low values. 

The graphs comprising Fig. 46 illustrate in a simple manner the 
influence of varying bath temperatures and stream heights upon the 
cooling rates obtained at equidistant points from the quenched end 
of the Jominy bars. 

By the use of these graphs in conjunction with the standard hard- 
enability curve (Fig. 40a) the hardness values at any point may be 
expressed in rates of cooling at 1300 deg. The changes in the rates of 
cooling with different bath temperatures show the influence of the bath 
temperature on the quenching power of the oil. 

The rate of cooling obtained at the 4 ¢-in. point from the quenched 
end is indicative of the cooling ability of the oil. It is seen from 
Table 14 that as the temperature of the oils is increased there appears 
a noticeable decrease in the ability of the oils to cool the hot metal 
bar; and also that as the agitation increases, the cooling ability of the 
oil increases. 


4, Evaluation of Straight Mineral Quenching Oil with Varying Stream 
Heights 

With a bath temperature of 75 deg, stream height has a pronounced 
effect on the cooling ability of the oilt. Increases in stream height 
increase the ability of the oil to cool more rapidly. It seems logical to 
believe that as the rate of flow of the oil is increased across the metal 
surface at the quenched end of the Jominy bar, more heat can be 
removed from the bar in equal periods of time. Figure 47a is a graphic 
illustration of the phenomenon. 


1 The terms stream height and agitation are used interchangeably in this discussion. 
~ 
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Figure 47b and ¢ indicate further the importance of agitation in 
affecting the ability of a medium to cool. They also make it clear 
that an increase in bath temperature will result in a decrease in the 
hardening power of straight mineral quenching oil. 


5. Evaluation of Martempering Quenching Oil with Varying Stream 
Heights 
A clear picture of the effects of varying stream heights at different 
bath temperatures is shown by Fig. 48, which makes plain the im- 
portance of agitation in decreasing the adverse effects of increasing 
bath temperatures. 


TABLE 14 


CooLine RATES IN DEGREES FAHRENHEIT PER 
SEcoNnD AT 1300 pEG aT VARIOUS 
Rates or AGITATION 
Determined for Jominy bars at points 46 in. from quenched 


end. 
Bath Stream Height, in. 
Temperature, 
deg F 10% 216 “ 
Cooling Rates with Straight Mineral Oil 
75 90 82 70 
150 80 “as 58 
210 75 60 52 
Cooling Rates with Martempering Oil 
250 70 60 37 
300 70 51 27 
350 60 39 19 
400 40 27 16 


Table 14 shows numerically the effect of stream height on the 
hardening power of martempering oil. For example, a cooling rate of 
60 deg per sec was the maximum obtainable at a stream height of 
214 in. With the same stream height, but with a bath temperature 
of 350 deg, the cooling rate was 39 deg per sec. Increasing the stream 
height to 10% in. at a bath temperature of 350 deg increased the 
cooling rate to 60 deg per sec — equal to the maximum rate of cooling 
obtained with 2% in. of stream height. These data show the importance 
of stream height in the quenching process. 
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6. Derived Cooling-Rate Curves Obtained from Straight Mineral and 

Martempering Quenching Oils with Varying Bath Temperatures 

The pioneer work of Jominy indicated that equal hardness values 

resulted from equal cooling rates and furthermore that rates of 

cooling could be directly correlated to distances from the quenched end 
of a Jominy bar when end-quenched under certain conditions. 
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It was possible to convert the hardness values of the Jominy bar 
as shown in Fig. 46b to rates of cooling, by the use of a standard 
Jominy end-quench data sheet prepared by the ASTM (Designation 
A 255-45 T). 

The derived cooling-rate curves of straight mineral quenching oil 
and of martempering oil as given in Fig. 49 show the cooling rates 
obtained at equidistant points on the Jominy bars. 


7. Evaluation of Ethylene Glycol as a Quenching Medium with Vary- 
ing Bath Temperatures 
Ethylene glycol appears to possess quenching properties that are 
intermediate between the oils and water. 
Figure 50a would indicate that ethylene glycol is not influenced. by 
varying bath temperatures as much as the straight mineral or mar- 
tempering oils when end-quenched with a stream height of 10% in. 
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When the bath temperature was increased with the stream height 
adjusted to 21% in., there appeared a lowering of the hardness survey 
curve which indicates that the cooling ability of ethylene glycol was 
impaired (Fig. 50b). 

In Fig. 50c appears the type of hardenability curve attributed to 
the effects of the formation of a vapor stage. The probable cause of 
this “humped”’-type curve is discussed in detail in Part I, page 42. 

Although the vapor stage was noticeable in the majority of end 
quench tests employing ethylene glycol, it was of extremely short du- 
ration. The longest time for a vapor blanket was approximately 1 sec, 
which appears to be too short to account for a humped curve. With 
water and the brines a vapor stage time of 20 sec was required before 
this phenomenon appeared. Possibly with ethylene glycol it may be 
attributed to relatively slow cooling during the first part of the vapor 
transport (boiling) stage. 

Graphical analyses of the hardness obtained at equidistant points 
from the quenched ends of the Jominy bars are given in Fig. 51. A 
comparison of these curves shows the vapor stage appearing as the 
stream heights were decreased. A further comparison of these curves 
with those obtained for the straight mineral and martempering oils 
shows a pronounced difference in trend: the hardness values differ by 
greater amounts at the 4¢- and *%4,-in. points as the bath tempera- 
tures of the oils are increased, whereas with ethylene glycol the 
differences of the hardness values obtained at 4.¢- and *4¢-in. points 
decrease as the bath temperature is increased. 

An examination of the hardness survey curves obtained for the 
two oils and ethylene glycol reveals that, when evaluated under the 
same end-quenching conditions, ethylene glycol has a greater harden- 
ing power than the oils. Moreover, there is a slight humping in the 
hardness survey curves for ethylene glycol at high temperatures but 
not for the oils. 


8. Evaluation of Ethylene Glycol with Varying Stream Heights 

Stream height does not appear to be so important for ethylene 
glycol as for the oils. Figure 52 indicates that the critical distances — 
distances from quenched end to a point having a microstructure con- 
taining 50 percent martensite (at which point the Rockwell hardness 
would be 40 in this steel) — from the quenched end of the bars do 
not change appreciably with changes in stream height. As the bath 
temperatures are increased, the hardenability curves for the three 
stream heights tend to become similar (see Fig. 52c). 


ee ter on, 


105 


HARDENING POWER OF QUENCHING MEDIA FOR STEEL 


BUL. 389. 


‘NI %& NV ‘HZ ‘SOT AO SLHDIGE, WvauLg :suvg ANNO dO aN 


WY daHONaN?) 


GHL WOU SENIOg LNVLSIGINOW LY SUSSANGUVAT AHL AW GALVOIAGN]T SV TOOATY) GANATAHLY NO WYOLVeddNaT Hivg dO Load “TS “OLY 


‘y ap ul Yjog fo e4njosedtda 


092 O02 OF/ 0O/ OG OG2 002 OS/ OO! OF, OF2 


O02 


02° 


002 


OF! 


‘YOU! UO Jo SYsuUEALXIS U) pUue 2EYIUE?O LUO, BIUO{SIP POA OU! SBAAMND UO S{/P4alUp ;FLO// 


OV 


OF 


. 2 
/ = 


09 


fYOlALY UOPMWS 
(2) 


02 


¥ 


S 
9 
2/025 SSCULIO} 2 [JEMHIOY 


106 


Rockwel/ C Hardness Sca/e 


Fic. 


ILLINOIS ENGINEERING EXPERIMENT STATION 


ng] feel | aT i a ie 
BTN Ws [ols i at 
Ape 


ra = 
[ey=Bath Temperature 27°F | | 
olf faa la 
28 


par 20 24 32 
Distance from Quenched End in Sixteenths of an lich 


~ 
52. Errect on Jominy Bar HarpDNESS SURVEYS OF STREAM HEIGHT OF 
ErxHyYLENE Guiycot: Batnh TEMPERATURES OF 75, 150, AND 210 prea F 


BUL. 389. HARDENING POWER OF QUENCHING MEDIA FOR STEEL 107 


Another factor to consider in interpreting the small changes which 
occur in the hardness survey curves with changes in stream height 
and bath temperature is the possibility that ethylene glycol may be 
removing heat from the end of the bar at a rate close to the maximum 
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9. Derived Cooling-Rate Curve for Ethylene Glycol at Varying Bath 
Temperatures 

The derived cooling-rate curve (Fig. 53) was constructed in the 
same manner as were the cooling-rate curves described on page 102. 
Since the hardening power of the ethylene glycol was not greatly 
affected by the variation in quenching conditions, curves were drawn 
only for a steam height of 2% in. 

These curves appear quite different from the derived cooling-rate 
curves obtained from straight mineral and martempering oils (Fig. 49), 
particularly for points near the end of the quenched bar. The reason 
probably is the greater heat-absorbing qualities of the ethylene glycol. 

Epstein“ states that the heat-absorbing qualities of a quenchant 
depend on its heat of vaporization, specific heat, and thermal con- 
ductivity. The greater these values, the greater will be the quenching 
powers of the quenchant. Though the heats of vaporization and thermal 
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conductivity contribute to the process of heat removal from the hot 
metal during quenching, it is the specific heat values that are of chief 
importance. 

Epstein’s statement is in full agreement with these data, which 
show that ethylene glycol possesses the greatest quenching power of 
the three liquids investigated. Ethylene glycol has a specific heat value 
approximately twice that of the oils. 


a ede. © 
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V. CoNcLUSIONS 


The modified Jominy end-quench test was used in this investiga- 
tion to evaluate a low-temperature quenching oil, a high-temperature 
quenching oil, and ethylene glycol as quenching media for steel over 
a range of bath temperatures and degrees of agitation. 

The successful completion of this investigation confirmed several 
conclusions reached by previous investigators. 

(1) There was a gradual loss in hardening power with straight 
mineral and with martempering oil with increases in temperature and 
decreases in agitation. 

(2) In the majority of tests, straight mineral oil exhibited a greater 
hardening power than martempering oil. A direct comparison can 
hardly be made, since the two oils were tested in two different ranges 
of temperatures. However, under certain conditions (Fig. 46a) straight 
mineral oil at 210 deg and martempering oil at 250 deg, both with a 
stream height of 101% in., evidenced equal hardening powers. 

(3) Ethylene glycol retained its hardening power at higher tem- 
peratures than water. This conclusion is in agreement with the theory 
that the formation of the vapor stage is more pronounced with quench- 
ants having lower boiling-point temperatures. 

(4) Ethylene glycol was not as sensitive to changes in stream 
height as either straight mineral oil or martempering quenching oil. 

(5) At room temperatures, ethylene glycol appeared to possess 
hardening properties intermediate to those possessed by oil and water. 

(6) The hardening powers of water, ethylene glycol, and the oils 
appear to be related to their specific heats, when used at a temperature 
at which the vapor blanket stage is not appreciable. The specific 
heats were 1.00, 0.571%", and 0.27‘%) respectively when measured at 
14.9 deg C and expressed in calories/ gram/ degrees C. The specific 
heat of the two oils may vary somewhat, but the value given should 
be a close approximation. 

(7) Ethylene glycol gave a humped-type hardness survey curve at 
a bath temperature of 210 deg F and with a degree of agitation of 
1.23 ft per sec (stream height % in.). 


PART IV: 


WATER, BRINES, AND OILS UNDER STILL- 
QUENCHING CONDITIONS 


I. OBsECT OF THE INVESTIGATION 


The minimum degree of agitation used in the first three parts of 
the investigation was obtained with a stream height of 4% in. — the 
minimum stream height that could be used without further modifying 
the test, as the distance from the end of the Jominy bar to the end 
of the spray pipe is % in. Lower degrees of agitation such as might 
be present with still-quenching are of significance, not only because 
of the widespread use of this type of quenching in practice but be- 
cause of the possibility of an appreciable change in the order of 
importance of the various factors that contribute to the hardening 
power of a quenching medium. 

One factor might be called “self-agitation,”’ the agitation caused 
by the change in the temperature of the quenching medium near the 
quenched part during quenching. In the first and third stages of 
quenching little agitation would be expected, whereas in the second 
stage the boiling would cause a vigorous movement of the quenchant. 
The intensity of agitation at any time during the quenching of a given 
steel part would be related to the composition and temperature of the 
quenchant as well as to the temperature of the part. 

The effect of a change in temperature of a quenchant on its hard- 
ening power may be complex, for it would be expected to change the 
temperature gradient directly at the interface of the quenchant and 
the quenched steel part as well as to change the viscosity of the 
quenchant and the steel temperatures at which a transition from one 
cooling stage to another would occur. The viscosity effect is usually 
considered to be appreciable in quenching oils. 

It might therefore be logically concluded that with still-quenching 
conditions there would be a greater variation in both agitation and 
temperature of the quenchant during quenching than if an agitated 
quench were used. This difference could lead to a change in the rela- 
tionship of the composition and temperature of the quenchant and its 
cooling power. It seems possible that the lack of correlation between 
various investigations might be due to a failure to recognize the im- 
portance of the agitation of the quenching medium. 

The aim of this investigation was to broaden the evaluation of 
quenching media as given in Parts I, II, and III by developing and 
utilizing apparatus that would make possible the end-quenching of 
test bars under conditions similar to those present during still- 
quenching. 
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II. MATERIALS AND EQUIPMENT 


SAE 2340 steel — the same steel that was used in Parts II and III 
of the investigation — was used for all tests. 

The equipment was the same as for the previous parts except for 
the still-quenching apparatus (Fig. 54). The tank is of copper and is 


— ee ee 2] TOE Be) 


Fic. 54. Srinu-QueENcH APPARATUS, WITH SPECIMEN 
READY FOR QUENCHING 


cylindrical, 2234 in. in diameter and 10 in. in length. The apparatus 
is mounted on a revolving trunnion and has a spring-loaded jig for 
clamping specimens over a 7%-in. hole in the tank. The specimen 
used differs from the standard Jominy bar only in that at the quenched 
end of the bar it has a skirt 4 in. long and Y%, in. thick (Fig. 55). 
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Stitt-QUENCH APPARATUS 


Contact is made between the specimen skirt and the tank by a gasket 
which has a %-in. hole, and is clamped tightly between a plate and 
the tank (Fig. 56). The heat contained in the skirt of the hot speci- 
men is just sufficient to burn part way through the 4,-in. compo- 
sition gasket material, making a liquid-tight seal at the skirt-gasket 
interface. Rotation of 180 deg from the upright position submerges the 
end of the specimen under 4 gal of liquid, and quenching proceeds. 
Specimens were quenched for a minimum time of 10 min, as specified 
for the standard Jominy test‘**). 

The tank is insulated with asbestos paper. Liquids are heated to 
temperature rapidly by a Calrod heating element inserted through the 
circular front opening (Fig. 54). The temperature of the liquid during 
quenching is maintained by resistance wire placed between the layers 
of asbestos insulation and connected to a variable resistance. Auto- 
matic temperature controls were not set up. 

The quenching action may be followed both by watching through 
the front opening and by listening. Vapor blankets produced by water, 
for example, are visible and quiet. When the rapid boil begins, escaping 
bubbles of vapor may be seen, and the tank acts as a sounding board — 
that magnifies the sound of the boiling action. Such observations sup- 
plement data obtained by hardness surveys and are helpful in a study 
of the quenching action of the medium. 
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IIL. ExperimMentTAL PROCEDURE 


Austenitization, preparation of specimens for hardness surveys, 
and the hardness surveys themselves were carried out with the same 
apparatus and in the same manner as in Parts II and III of the in- 
vestigation. The test specimens differed somewhat from those previ- 
ously used in having a skirt on the quenched end (Fig. 55). 

The concentration of brine solutions was maintained by the use 
of a hydrometer and a thermometer in conjunction with a table of 
specific gravities for the various concentrations (Table 10). 

It was thought that the specimen skirt might affect the hardness 
distribution in the specimens. Specimens surface-ground to depths of 
0.015, 0.045, and 0.075 in. indicated that this was not the case. Hard- 
ness surveys at these levels were identical for a specimen quenched 
in water at 75 deg. All flats thereafter were ground to 0.015 in. except 
for a number of oil-quenched specimens which were ground to 0.030 in. 
No differences were obtained at 0.015 and 0.030 in. for these specimens. 

Using the techniques and procedures described below, the repro- 
ducibility of the still-quench test was determined. Three specimens 
quenched in water at 75 deg gave results which varied by a maximum 
of 0.7 of a Rockwell C point. General coincidence was much better 
than this, and smooth curves drawn through the three sets of data 
were essentially identical. Less uniform results were obtained when a 
specimen quenched in water at 164 deg with a vapor blanket of 87 sec 
was sectioned at 0.015, 0.060, and 0.120 in. (Table 15). The variations 


TABLE 15 


ReEsu.Lts or HARDNESS SURVEYS ON Four Sines or A SPECIMEN QUENCHED 
IN WATER AT 167 DEG F: Stitt-QuEeNcH TEST 
a&b and c&d are pairs of opposite sides 


Dist a&b c&d e&d c&d Maximum 
ISY, 0.015 in. 0.015 in. 0.060 in. 0.120 in. Difference 

1 33.9 Re 35.2 Re 36.7 Re 36.4 Re 2.8 Re 

2 38.0 39.5 39.9 39.3 1.9 

3 39.7 41.3 40.8 40.4 1.6 

4 40.5 42.0 41.8 41.3 1.5 

5 41.1 42.2 42.0 41.9 i eal 

6 41.2 42.3 42.2 42.1 righ 

7 40.6 41.9 41.7 41.7 1.3 

8 39.9 40.9 41.9 40.7 2.0 

9 38.4 39.2 39.1 39.0 0.8 

10 36.4 37.2 36.8 36.7 0.8 

12 DID 32.8 32.2 31.9 0.9 

14 29.1 29.7 28.9 28.8 0.9 

16 27.2 Re 27.6 Re 27.0 Re 26.8 Re 0.8 Re 
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in the results seem excessive at first glance; but a change of a few de- 
grees in bath temperature, from 167 to 175 deg, caused a change of 
vapor blankets from 87 sec to 255 sec and almost complete loss of 
hardening. Under such conditions it would not be expected that these 
results could be closely reproduced, and hence the variation is not 
important. Specimens that were quenched in oils giving end hardnesses 
representing approximately half-hardening, and brine-quenched speci- 
mens at all temperatures, consistently showed uniformity between 
hardness surveys on opposite sides of each specimen. 
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TV. Discussion or REesuits 


1. Evaluation of Water and Brines 

For purposes of discussion, water will be referred to frequently as 
zero percent, brine. 

Tests were run with brine compositions of 0, 5, 10, 15, 20, and 25 
percent at temperatures of 75, 150, 175, 190, and 210 deg. Figure 57 
gives the results of these tests. In each case, end hardness decreases 
with higher temperatures, and except for water there is a trend toward 
deeper hardening at temperatures of 175 and 190 deg, where the boil 
becomes longer. Tests were also made with 0-percent brine at 157 and 
164 deg because of the large change in the hardness survey that was 
obtained when the temperature was increased from 150 to 175 deg. A 
humped curve was obtained with water at 164 deg (vapor blanket 87 
sec), but not for any composition of brine between 5 and 25 percent 
under these conditions. 

Figure 58 shows the same data replotted to indicate the effect of 
composition at each of the previously mentioned temperatures. Little 
difference is observed between O- and 25-percent brines at 75 or 
150 deg; but 25-percent brine is consistently the lowest, whereas 0-, 5-, 
10-, and 15-percent brines are about the same, and 20 percent tends to 
fall between the results of the 25 percent and the 0-15 percent brines. 

At 175 deg the hardness survey for water has no gradient — a result 
of a vapor blanket of 255-sec duration — and the hardness surveys for 
5-25 percent brines are about the same. However, the hardness survey 
for 10-percent brine is now the highest, and for 25 percent, the lowest. 
The 5-, 15-, and 20-percent surveys fall between these results with a 
few minor exceptions which, to keep the graph readable, were not 
plotted. 

At 190 and 210 deg greater differences were obtained. The greatest 
differences are found at 210 deg, where the drop in hardening power 
for 25-percent brine causes a marked drop in hardening. In both cases 
the curves for 10-percent brine tend to be the highest; 15-, 20-, and 
25-percent are progressively lower; and the curve for 5-percent brine 
tends to fall within the limits of the 10- and 25-percent results. The 
differences at 210 deg are shown more clearly by Fig. 59, where hard- 
ness is plotted against brine composition for 0-to-25-percent solutions. 
The circled numbers indicate sixteenths of an inch from the quenched 
end of the specimens. Clearly, the 10-percent brine gives highest end 
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hardness, but a rather small difference is found between 5-, 10-, and 
15-percent brines, even at this high bath temperature. Somewhat simi- 
lar results were observed at 190 and 175 deg, but the differences are 
less at these temperatures; hence, accurate control of solution con- 
centration is not necessary for most work when using brines. The con- 
clusion that 10 percent is the best of the compositions tested is in 
agreement with Scott", who found the optimum brine concentration 
to be 9 percent for still-quenching. 

Brine has two effects on quenching action‘*). One is to reduce the 
length of the A stage, and the other is to reduce rates of cooling in the 
B stage. (See page 19 for a discussion of the stages in quenching.) 
Nine or ten percent brine apparently affords the best balance between 
these two factors for still-quenching. It was observed qualitatively in 
this experiment that increasing the brine concentration reduced rates 
of boiling at the higher temperatures of testing. It is presumed that 
the increased boiling point is effective in reducing the amount of vapor 
formed and thereby reduces agitation. The net result is a reduced B 
stage rate of cooling for brines with still-quenching. This shortened B 
stage might not cause reduced rates of cooling with agitated quench- 
ing, in which the self-agitation is not so important. 

It is known also that increasing brine concentration reduces the 
specific heat. Apparently the effect of the resulting decrease in heat 
capacity is offset by the higher boiling temperature. No data are avail- 
able on thermal conductivity or heats of vaporization of water from 
brine solutions. 
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At 75 deg the results obtained by Eckel and Mayfield (Part II of 
the present Bulletin) with the modified end-quench test are essentially 
identical for 0-25-percent brines, and exceed the still-quench results 
both in end hardness and in depth of hardening (Figs. 40a and 58a). 
In view of the effect of agitation, this result is to be expected. 

At 175 deg, Eckel and Mayfield found little difference in 5-, 10-, 
15-, 20-, and 25-percent brines (Fig. 40c), but 25-percent brines 
tended to have the highest end hardness. Comparison of these data 
with still-quench results at 175 deg (Fig. 58c) shows that the agitated 
quench gives higher end hardnesses (Re 56.0 to 56.7) than does the 
still quench (Re 54.5 to 55.4). Similar trends were observed by a 
comparison of data for 150 deg from these two tests. The higher end 
hardness is probably the result of a shorter A stage and a more rapid 
initial rate in the B stage with the agitated quench; the greater depth 
of hardening with the still-quench is probably the result of a faster 
cooling rate in the B stage, because of self-agitation. 

No gradient was obtained in the hardness survey for water using 
a still-quench at 175 deg (Fig. 58c), but partial hardening was ob- 
tained with the agitated quench, due to a shorter vapor blanket (Fig. 
40c). In view of the effect of agitation, this difference is in the direction 
expected. 

Correlation between the tests is excellent up to 175 deg. The results 
might have been predicted by logical application of the principles 
previously discussed, although greater differences might have been 
expected than were found. 

At 190 deg the results of the still-quench test are radically different 
from those of the modified end-quench test. Using the modified end- 
quench test at 190 deg with brines of 0-25 percent (Fig. 40d), Eckel 
and Mayfield found that better quenches were obtained with increased 
brine concentration. Column 8 of Table 16 is a record of the vapor 
blankets obtained at 190 deg. It corresponds to the hardness curves 
in Fig. 40d for the same compositions. Vapor blankets ranging from 
23 sec for 20-percent brine up to 133 see for 5-percent brine resulted 
in a shifting to the right of the hump and in a general lowering of the 
curves. In no case, however, at either 190 or 210 deg was a humped 
curve obtained with 5—25-percent brines when the still-quench test 
was used (Fig. 58d and e). End hardnesses remain relatively high, 
and at 190 deg the range of differences in hardness for compositions of 
5-25 percent is less than 5.0 Re points. The curve for 10-percent brine 
is highest; 15-, 20-, and 25-percent are progressively lower; and the 
curve for 5 percent falls largely in the range established by the 10- 
and 25-percent results. 


122 ILLINOIS ENGINEERING EXPERIMENT STATION 


The key to these differences in results lies in the characteristics of 
the two tests and the resulting effect on the A stage of quenching. In 
the agitated end-quench test, progressively longer vapor blankets are 
produced with lowered brine concentrations and temperatures of 175 
and 190 deg (columns 6-9 of Table 16). This phenomenon is perhaps 
characteristic of a small spray brine quench where pressures at the 
quenchant-steel interface are small and where the quenchant is applied 
from underneath, so that vapor does not readily escape. Contrasting 
vapor blanket data were obtained with the still-quench test (columns 
3, 4, and 5 of Table 16). The vapor blankets for water obtained by 


TABLE 16 


COMPARISON OF VAPOR BLANKET TIMES, IN SECONDS, FOR VARIOUS CONCENTRATIONS 
or Brings: Srrtt-QUENCH AND Mopiriep ENp-QuENCH TESTS 


Still-Quench Test, deg F Modified End-Quench Test, deg F 
Comp., 
percent (1) (2) (3) (4) (5) (6*) (7*) (8*) (9*) 
NaCl 
75 150 175 190 210 175 190 
2% in. % in. 21% in. VY in. 
0 2-4 10 255 386 345 48 95 200 295 
5 0 2 18 36 27 20 40 133 236 
10 0 2 8 12 3 11 20 68 134 
15 0 3 5 11 2-4 3 13 38 110 
20 0 0 1-2 2-3 0 0 10 23 61 
25 0 1-2 1-2 0 0 0 11 17 30 


* Data from Eckel and Mayfield (2% in. and 4% in. are stream heights). 


still-quench tests are longer than those obtained by the agitated 
quench, but the longest vapor blanket obtained up to temperatures of 
210 deg for concentrations of 5-25 percent brine was 36 sec, and this 
was for 5-percent brine at 190 deg. At present there seems to be no 
satisfactory explanation for these differences. 

An unexpected result is that shorter vapor blankets were obtained 
at 210 deg, using the still-quench (column 5, Table 16) than were 
obtained at 190 deg (column 4) — apparently as the result of agitation 
induced early in the quenching action by rapid boiling of the higher 
temperature brines. 

For compositions of 5—25-percent brine it was observed in each 
case that vapor escaped in bubbles during the estimated blanketing 
period. Transitions from the A to the B stage were sharp and definite 
for 0-5 percent, less clear for 10 percent; all figures for 15, 20, and 25 
percent are estimates based on a rather.arbitrary selection of the time 


BUL. 389. HARDENING POWER OF QUENCHING MEDIA FOR STEEL 123 


when boiling or vapor evolution became rapid. All the solutions of 
15-, 20-, and 25-percent brine were cloudy, so that observations were 
difficult except as listening and watching surface indications of boiling 
yielded results. It was thought that the results of these vapor blanket 
observations might be in considerable error, since the transitions from 
the A to B stage were gradual and not clearly defined. However, in 
the still-quench test no vapor blankets of sufficient length to cause 
humped curves were obtained with brines. Furthermore, heat transfer 
in the B stage is principally by vapor transport and it was the rapid 
evolution of vapor that was taken as the end of the A stage. It is 
concluded that these vapor blanket results are consistent with the 
conditions which actually exist in the still-quench test with brines. 
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As Fig. 60 shows, observation of vapor blankets determined by 
center cooling curves of small cylinders quenched into 24-percent brine 
at 20 and 99 deg C (68 and 210 deg F) indicates that long vapor 
blanket stages can be expected at 210 deg F for still-quenching. Obvi- 
ously, the ratio of the surface to volume is greatly different from that 
of the still-quench test, but the relative length of the vapor blanket for 
24-percent brine at 99 deg C (210 deg F) is much longer than for 
lower temperatures. The higher surface-to-volume ratio would be 
expected to cause shorter vapor blankets by producing faster cooling; 
however, relative lengths of vapor blankets would probably not be 
greatly affected. 

A possible partial explanation for the different vapor blanket data 
phenomena may be that the constriction at the end of the still-quench 
test specimen causes increased agitation during quenching and thereby 
causes early transition from the A to the B stage. 
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The conclusions reached by Eckel and Mayfield that the success of 
an agitated quench can be determined by the vapor blanket do not 
hold true for the conditions existing when this still-quench test is used 
with concentrations of 5—25-percent brine. 

Further research is recommended, with a view to answering ques- 
tions regarding the correlation of the results of the modified end- 
quench test and the still-quench test, particularly results obtained at 
190 and 210 deg. Despite these differences between the tests, a series 
of quenches by either method would be expected to reveal relative 
differences in the hardening power of quenchants. However, pending 
a fuller correlation of the tests with other tests made under condi- 
tions of quenching by immersion, data obtained for 5—25-percent brines 
at 190 and 210 deg should be interpreted with caution, and in the light 
of a knowledge of the differences between the two tests. 


2. Evaluation of Oils 

Three oils were investigated with the still-quench test: (1) straight 
mineral oil, (2) compounded oil, and (3) a martempering oil. Tempera- 
tures of testing for the straight and compounded oils were 75, 125, 150, 
and 210 deg F. For the martempering oil the temperatures were 250, 
300, 350, and 400 deg F. The results of these tests are plotted in Fig. 61. 

No significant differences were obtained for the straight mineral 
oil at the four temperatures; the results are therefore plotted as a 
single curve. 

The efficiency of the compounded oil is decreased by raising the 
temperature (Fig. 61). There is little difference between results at 75 
and 125 deg, but results at 150 and 210 deg are significantly lower than 
those at 75 deg. 

Comparison of straight mineral oil and compounded oil shows that 
the compounded oil is better at 75 and 125 deg, about the same at 150 
deg, and less effective at 210 deg. 

The martempering oil is dark, viscous, and sticky at room tempera- 
tures; it becomes less viscous at operating temperatures. This oil gave 
its best results at 300 deg. Results at 250, 350, and 400 deg are essen- 
tially identical with one another (Fig. 61). On specimens that were 
quenched for 15 min, Eckel and Wensch (Part III of the present 
Bulletin) found that the end hardness of a specimen of the same steel 
dropped from Re 54 to Re 51.9 after tempering for 1 hr at 400 deg; 
but, owing to the short time and low end hardnesses involved, temper- 
ing could not be a factor in these results (Fig. 61). 
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Though vapor blanket data are scanty for these tests, estimates for 
straight mineral and compounded oils were not more than a few 
seconds at all testing temperatures. No quantitative data were taken 
for the martempering oil. 

Various authors” have indicated that the hardening power of oils 
is improved by raising the temperature. The temperature usually 
advocated is about 140 to 150 deg, which is probably meant to give 
the best balance between improved quenching rates and the deleterious 
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oxidation, vaporization, and decomposition effects caused by increased 
temperatures. Thorough investigations have shown that this result 
cannot be expected with conditions of agitation (Parts I and II of this 
investigation). Agitation apparently erases the effects of decreased 
viscosity with increased temperature, and the decreased heat absorp- 
tion capacity of the oil is effective in reducing the hardening power 
at the higher temperatures. 

The results of the still-quench test reported in Fig. 61 show only 
one case where raised temperature improves the hardening power — 
martempering oil at 250 and 300 deg. No change was observed for 
straight mineral oil; hardening power actually was decreased with 
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increased temperature when the compounded oil was used. These re- 
sults are not unique in view of the fact that Pilling and Lynch“? 
investigated three mineral oils and found that two of these were rela- 
tively unaffected by raising the temperature from 25 to 160 deg C 
(70 to 320 deg F). The third oil had a tendency to give faster cooling 
and shorter A stages with increased temperatures. These results held 
true also for still-quenching. 

Apparently, when the still-quench test is used with straight mineral 
oil the effects of decreased viscosity with increased temperature just 
about balance the effect of the lowered heat capacity of the oil at the 
higher temperature and result in equal hardening power at tempera- 
tures of 75 to 210 deg (Fig. 61). The decreased quenching power of 
compounded oil and the results at 300 deg with martempering oil can 
be explained by the same factors. 

It is concluded that raising the temperature of oils to obtain 
greater hardening power should be done only after preliminary tests 
with the oil to be used show that such action is beneficial. 

A subject of much discussion among oil users has been the relative 
advantages of compounded and straight mineral oils for hardening. 
Investigations using the modified end-quench test (Parts I and III of 
this investigation) indicate that the differences of hardening power 
are not sufficient to warrant general use of the higher-cost compounded 
oil if it is agitated. 

The maximum difference between the compounded oil and the 
straight mineral oil tested was found at 75 deg. This difference, 
about Re 5.5 points, represents less than 4, in. in depth of hardening. 
If conversion is made to cooling rates at 1300 deg for the %4¢-in. 
points in Fig. 61, the results in Table 17 are obtained. The conditions 
of these tests are critical, because the end hardnesses represent approxi- 
mately half-hardening (50 percent martensite was estimated by 
microscopic examination to correspond to Re 40). Since the critical 
cooling rate has not been exceeded at the specimen end, small differ- 
ences in quenching rates will give appreciable differences in end 
hardness. As stated previously, little difference in hardening can be 
expected when the critical cooling rate is exceeded, because the maxi- 
mum hardness is fixed for a given steel. On the basis of these con- 
siderations and of the fact that cooling rates and hardness results at 
higher temperatures are not greatly different for the two oils (Table 
17 and Fig. 61), it is concluded that, in general, but little practical 
advantage is to be gained with still-quenching by using the com- 
pounded oil. : 
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TABLE 17 
Cooting Rates IN DEGREES FAHRENHEIT PER SECOND 
AT 1300 DEG at A Point 46 IN. 
FROM THE QUENCHED END 


Temperature, Compounded Oil, Straight Mineral Oil 
deg F deg F'/sec deg F/sec 
75 34 27 
125 32 27 
150 27 27 
210 24 27 


Figure 47c shows the effect of increased agitation on results 
obtained for straight mineral oil at 210 deg. These are the minimum 
results obtained with the agitated quench for straight mineral oil. The 
still-quench test hardness survey for 210 deg would be expected to 
fall below the curve for agitation of a 44-in. stream height. Comparison 
of Figs. 47¢c and 61 shows that this is indeed the case and that end 
hardnesses differ by approximately 10 Re points. Hardnesses for the 
same curves at %, in. from the quenched end differ by about 4.5 Re 
points. Similar results were observed by comparing agitated and still- 
quench test results for martempering oil. A comparison of the curves 
in Fig. 61 for the compounded oil and the straight mineral oil shows 
maximum differences at the 4 ¢- and %4¢-in. points of approximately 
5.5 and 1.5 Re points, respectively — considerably less than the mini- 
mum difference previously mentioned between the still-quench and 
agitated-quench results for straight mineral oil. 


128 ILLINOIS ENGINEERING EXPERIMENT STATION 


V. SUMMARY AND CONCLUSIONS 


A still-quench test has been devised for the still-quenching evalua- 
tion of liquids and has been used to compare the cooling power of 
brine compositions of 0-25 percent and of three oils. A study of the 
results of these tests led to the following conclusions. 

(1) Of the brine compositions tested, 10-percent was found to have 
the greatest hardening power, but relative differences in 5-, 10-, and 
15-percent compositions were small. 

(2) Two unexpected results were obtained: (a) the A stages for 
brines at 190 deg are less with the still-quench than with the modified 
end-quench test using a 24%4-in. stream height, and (b) the A stages 
for water and brines are consistently shorter at 210 deg than at 190 
deg using the still-quench test. It is questioned whether the results 
of the still-quench tests at high temperatures are representative of 
other conditions of quenching by immersion. 

(3) The still-quench test indicated that water at an elevated 
temperature (175 deg) has a lower hardening power than in the modi- 
fied end-quench test when a %-in. stream height was used. Brines, on 
the other hand — especially those with 5—20-percent concentrations — 
exhibited considerably higher hardening powers at 190 deg in the still 
quench test than with a %-in. stream height in the modified end 
quench test. 

(4) The effectiveness of brine concentration in still-quench tests 
cannot be explained on the basis of the length of the A stage alone, as 
could properly be done for the modified end-quench tests. Although 
it was difficult to measure accurately the duration of stage A in the 
still-quench tests, there seemed to be an unmistakable decrease in its 
length with an increase in brine concentration up to 25 percent. The 
still-quench tests, however, indicate a maximum hardening power with 
about 10-percent brine. 

(5) The hardening power of the oils examined with the still-quench 
test was not generally increased by increasing the bath temperature. 

(6) The difference in hardening power between the compounded 
and the straight mineral oils tested as shown by still-quench tests was 
small; it was, in fact, considerably less than the difference in cooling 
power indicated by agitated and still-quench tests with the straight 
mineral oil alone. It is concluded that, on the basis of hardening 
power, general use of the higher-cost compounded oil is not warranted 
for still-quenching. 
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(7) The still-quench test has been found to be suitable for de- 
termining relative differences of water and brine solutions under 
still-quenching conditions, but more information is needed in order to 
determine whether the vapor blankets obtained with brines at tempera- 
tures of 190 deg and 210 deg are representative of vapor blankets 
obtained with general still-quenching conditions. 

(8) The still-quench test appears to be an excellent means of 
evaluating the hardening power of oils. 
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